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Abstract
Fast Package Delivery was explored as a possible commercial application of advanced reusable launch
vehicle technologies. The market was divided into two distinct segments: an on-demand charter
service for urgent deliveries, and a scheduled service similar to today's overnight delivery services.
System reliability is a strong driver for both cases.
For the on-demand case, vehicle speed is of critical importance. In order to provide on-demand
service, only one customer may be served per vehicle flight. Since the price a customer will pay
is highly sensitive to vehicle speed, the optimal vehicle concept was determined to be a Mach 6
hypersonic aircraft. Due to the small payload weight (200 lb) the overall vehicle size and cost are
highly sensitive to equipment weight. Therefore substantial savings could be realized if the aircraft
were unmanned. Flight operations would most likely be autonomous during cruise, but remotely
piloted during launch and landing.
Scheduled service, due to its much larger projected payload (6000 lb), is less sensitive to the
weight of onboard equipment, and would not need to be unmanned. Packages from many customers
would be carried at once, enabling lower prices to be charged to each customer. Lower prices mean
that lower vehicle speeds would be acceptible to the customers, and so the optimal vehicle concept
for scheduled service was found to be a Mach 2-3 supersonic transport.
Unfortunately, due to the inherent unreliability of experimental technologies, Fast Package Deliv-
ery does not appear to be a feasible application at this time. However, once supersonic and reusable
launch vehicle technologies begin to mature, Fast Package Delivery should be considered as a real-
istic business prospect. This paper presents the market analysis, system requirements development,
vehicle concept selection, and avionics considerations for a Fast Package Delivery system.
Thesis Supervisor: R. John Hansman, Jr.
Title: Professor, Department of Aeronautics and Astronautics
Thesis Supervisor: Charles Boppe
Title: Senior Lecturer, Department of Aeronautics and Astronautics
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Chapter 1
Introduction
1.1 Fast Package Delivery (FPD)
The speed of package delivery has been revolutionized several times throughout history, each time
driven by the evolution of transportation technologies. In the 19th century, horses and canals were
replaced by locomotives, which could deliver mail at unprecedented speeds across thousands of miles.
Then, in the early 20th century, motor vehicles enabled widespread, rapid package distribution over
land routes not serviced by trains. Later, the advent of commercially-available aircraft revolutionized
the industry yet again, providing overseas delivery within a few days.
Technologies under development today promise a new revolution. Advances in propulsion, mate-
rials, and information technology are paving the way for new breeds of vehicles - hypersonic aircraft,
reusable launch vehicles, and unmanned aeronautical vehicles. These vehicles, in turn, open up new
markets and opportunities for the use of aerospace vehicles that never existed before. The use of
such vehicles for package delivery would enable overseas deliveries in a matter of hours, instead of
two or three days.
Beyond bringing the benefit of increased speed to the package delivery industry, the technical
knowledge which would be gained through development of a fast freight vehicle could be applied to
other aerospace vehicles as well. Such synergistic development of reusable launch vehicle technolo-
gies is essential to supporting the expensive and time-intensive research efforts needed to grow the
commercial space transportation industry.
The purpose of this project is to examine the FPD problem, divine the critical requirements, and
develop a top-level design for an FPD vehicle, making a preliminary analysis to determine whether
such a vehicle would be economically feasible to develop today.
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1.2 Related Research Projects
This project leveraged results from a number of related research efforts. Three notable sources
provided much of the background used to begin this feasibility study:
1.2.1 Commercial Space Transportation Study (CSTS)
The Commercial Space Transportation Study was conducted by a team of six major aerospace
corporations brought together by NASA in 1994 to assess the possibilities for commercial uses of
space technology. They explored a long list of applications, including communications, manufac-
turing, space tourism, hazardous waste disposal, passenger transport, law enforcement, and mining
of extraterrestrial natural resources. The results of this study include a substantial analysis of the
FPD problem, providing market analysis and projections which constitute a good starting point for
exploring the feasibility of FPD.
1.2.2 Boeing's Suborbital Freight Delivery Concept Exploration
Following the CSTS, the Space Transportation Concepts and Analysis group and the Space Strategic
Analysis group at Boeing published an analysis and proposed vehicle concept for the FPD market.
Their effort included an analysis of the requirements for a fast freight transport, a preliminary vehicle
design, and cost estimates for the program. Their first conclusion was that a vehicle designed to
address the FPD problem, as defined in the CSTS, would be very difficult. They also warned that
the market must be better-defined before any serious attempt to provide an FPD service can be
made. It is worth noting that although the Boeing study was very similar to the current MIT
project, there are critical differences in the assumptions made regarding the nature of the market, a
point which will be discussed later.
1.2.3 X-Prize Contenders
Less directly concerned with the FPD problem, but still useful sources of information, were con-
tenders in the X-Prize competition. The X-Prize competition was designed to encourage the de-
velopment of reusable launch vehicle technology, making the first steps towards low-cost, reliable,
and safe access to space. Several X-Prize competitors have listed FPD as a possible application of
their X-Prize vehicles, and derivatives of some of their vehicle concepts were used during concept
exploration.
10
Chapter 2
Market Predictions
In an effort to better define the FPD problem, the CSTS conducted a top-level market analysis,
developing a list of potential payloads, projections of freight volume growth, and estimates of the
potential market capture of an FPD system. This chapter summarizes the results of this research.
Based upon this background information, the demand for FPD can be categorized into two
qualitatively different markets, each requiring a different mode of service. These will be explained
later in the chapter.
2.1 The Packages
The idea of a service which can cover transoceanic distances in a few hours immediately invites the
question, "What kinds of payloads would an FPD system carry?" Answers to this question are not
immediately clear, since no such service currently exists. The price range deemed by the CSTS to
be reasonable for an FPD service is on the order of $100 - $1000 per pound [1]. For this price range,
some general categories of potential payloads can be defined.
2.1.1 Time-Critical Packages
One of the most compelling examples of a situation in which delivery time is critical, the replacement
of failed components in a manufacturing plant is a good candidate for an FPD service. A critical
component failure on an asseinbly line at Intel can incur losses up to $200,000 an hour [5]. The only
way of mitigating this risk is warehousing of spare parts, which is a costly proposition in terms of
purchasing the extra parts, as well as maintaining warehouse space.
If an FPD system could provide comparable speed to the current process of retrieval from a
warehouse, then these manufacturing companies could save substantial money by shifting to a "just-
in-time" paradigm for parts replacement.
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Other examples of time-critical payloads that could conceivably use an FPD system include
original documents and currency. Although not mentioned in the CSTS, the transfer of critical
electronic data could also prove to be a very useful application of an FPD system. At first, the
idea of using an FPD service for data transfer may seem a bit unrealistic, considering the growing
bandwidth available on the internet. However, an old saying in data transmission warns, "Never
underestimate the bandwidth of a station wagon filled with magnetic tapes." As available network
bandwidth increases, both demand and the capacity of storage media are growing as well, and many
scientific users today carry physical media (removable hard drives, magnetic tapes) to remote sites,
rather than transfer the data over a network.
A good example of physical data transfer is the SETIdhome project, which sends data from
the Arecibo radio telescope in Puerto Rico to its processing server in Berkeley, CA by way of 25GB
tapes sent by Federal Express [8]. An FPD service would provide extraordinary bandwidth over great
distances, a service with the potential to be extremely valuable in today's growing information-based
economy.
2.1.2 Perishables
The transportation of perishable organs and biological specimens demonstrates how new markets
could be created with the advent of FPD.
Organs can only survive for a limited time outside the human body, in some cases as few as four
hours. Today, when an organ match is found, it is often rushed to the patient in need by means
of a chartered Learjet. However, the necessary transit time places a limit on the distance that an
organ can be flown. Using an FPD service for organ transport would greatly increase the distance
from which organs could be delivered, and thus the pool of available donors. Table 2.1 illustrates
the growing need for donated organs.
Organ 1989 1990 1991 (awaiting transplant)
Heart 1,700 2,085 2,045
Heart-lung 68 50 586
Kidney 8,706 9,560 18,464
Liver 2,164 2,656 1,466
Lung 119 265 450
Pancreas 419 549 170
Total 13,176 15,165 23,181
Table 2.1: Organ Demand Growth [1]
Likewise, some specimens used in biological research cannot currently be transported due to the
slow delivery options available today. An FPD system could allow these specimens to be delivered
before they spoil. Similarly, freshly harvested gourmet foods could be delivered from around the
12
world. Such foods, of course, would carry an extraordinary price tag, but the idea is not inconceiv-
able.
2.1.3 High Value-per-Pound Items
A final category contains those items whose monetary value is extremely high for their weight.
Such items include microelectronics, as well as precious gems and metals. The cargo industry
generally considers a reasonable transportation cost to be around 3% to 6% of the total value of
the item. Thus, this category of items could potentially bear the FPD industry's anticipated high
transportation costs. Figure 2-1 shows a comparison of the transportation costs supported by various
payloads, using this heuristic.
1o000,000
1,000,000
10 c00 F-
10,001
1,000
100
10
Microcircuts
Prec io us
stones
Hunan
organs
Eltronic
devices
10 100 1,000 10000
Transportation cost (Vib)
Figure 2-1: Cost-Weight Relationship for Various Payloads [1]
2.2 The Projections
Several factors needed to be estimated in order to understand the nature of the FPD market. How
much are customers willing to pay for such a premium service? How much demand would there be?
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How fast would an FPD vehicle need to go? How reliable must the vehicle be?
To address these issues, several predictions of the FPD market were extrapolated in the CSTS.
These projections were the first step in determining the FPD service requirements.
One way to examine the potential of FPD is to begin by looking at the current express mail
market. Using published statistics from Federal Express as a model, the size of the international
express market was estimated at $4 billion (1994 dollars). Figure 2-2, describing the volume of the
projected FPD market, was produced by parametrically varying the growth rate of the international
express market and the amount of that market which could be captured by an FPD system.
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-------- 5% market growth, 1/2%
~- express market capture
10,000,000 --
10% market growth, 1 /2%
express market capture
- - - -- - - - 5% market growth, 5%
1,00,00 -~ - -express market capturer- 1,000,000-
~ 10% market growth, 5%
express market capture
100,000 I | I I
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Figure 2-2: Fast Package Delivery Projected Market Growth [1]
Data on existing freight services can be illustrative as well. Based on 1991 relative prices and
market volumes for different classes of mail (First Class, Priority Mail, and Express Mail), as well as
interviews with industry representatives, the study determined that prices of $100 and even $1000
per pound (1991 US Dollars) could be supported by a reasonable demand, with the approximate
relationship between price and market volume as depicted in Figure 2-3.
The projections so far have been fairly straightforward extrapolations, based on existing package
delivery data. Answering the question of how fast the delivery vehicle would need to go, however, is
a more difficult task. In order to answer it, assumptions need to be made about what routes need
to be serviced, and the entire process of package delivery needs to be examined, to understand how
an increase in vehicle speed would affect the overall system.
To address the issue of routing, the assumption was made that an FPD service would be most
useful between pairs of cities which have an established demand for air freight, and which are also
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Figure 2-3: Estimated FPD Cost-Weight Relationship [1]
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separated by great distances. The CSTS thus obtained data on freight volumes between major cities
around the world. This is compiled in Figure 2-4. The figure also indicates which of those high-
volume city pairs are separated by large transoceanic distances, and could thus benefit the most
from an FPD service.
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Figure 2-4: Freight Volume for High-Traffic City Pairs [1]
The Boeing study suggested other concerns which would further restrict the set of cities to which
an FPD service could run. According to their criteria, deeply landlocked cities, such as Chicago,
would not be considered due to restrictions on supersonic flight over land. Political relations between
destination countries were also articulated as a concern [1].
However, even with the assumption that FPD operations would be limited to such a subset of
those city pairs, questions as to the nature of the service must be answered before a speed can be
set for the vehicle. For example, would FPD vehicles be launched once an hour? Once a day? Or
would they perhaps be chartered on an on-demand basis? These logistical issues drive the costs of
the service as well as the total delivery time, and thus the potential revenues.
These issues were introduced in the CSTS, but no conclusions were drawn at that time regarding
which service paradigm would be optimal.
A charter-style service would provide the fastest speed, but would not accommodate multiple
customers' payloads on the same vehicle. If the FPD system were to operate in an analogous way
to current freight services, it could establish reliability and service multiple customers, but it would
lead to increased waiting time for customers, undermining its own fundamental value proposition -
exceptional speed.
Another concern, perhaps more of a business strategy decision than a systems engineering one,
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is the possibility that implementing the service on a limited scale may not produce adequate market
penetration to sustain the business. This situation was encountered by Federal Express during
their first ventures into overnight delivery. Flying limited routes with small aircraft, they lost
money. Their service achieved critical market penetration only after they substantially expanded
their capacity and coverage. Considering the probable high costs involved, establishing a large
network of FPD vehicles, would surely be an expensive, high-risk venture.
The Boeing study sought a middle ground between the two extremes outlined above. After
collecting advice regarding how to best structure FPD timetables, the chosen scheduling scheme
was determined to be a scheduled service with a minimum number of vehicles and hubs. In their
proposed model, a single vehicle would fly from a hub in the US to one in Asia, then to Europe, and
finally back to the US for a 24-hour maintenance stop. During this downtime, a sister vehicle would
fly the route in its stead.
In the Boeing study, a price-per-pound of $300 was assumed, as well as a 6000-lb per day freight
volume. These numbers seem reasonable when compared with the CSTS projections; however, a
critical distinction seems to have been missed, which presents a problem.
2.3 The Problem
The problem with the previous assumptions is this: Urgent delivery is not merely a faster version
of regular mail.
Emergency delivery of human organs and critical assembly-line parts requires an on-demand
service because time is absolutely critical, and prices are extraordinarily high because these situations
cannot be avoided through planning. This is very different from simply extending the spectrum of
the freight market to include higher prices and faster deliveries.
The former situation calls for on-demand delivery as quickly as possible. When an emergency like
this arises today, the customer will often charter a jet, paying a flat rate for the emergency delivery
rather than a price per pound. This case will hereafter be designated "On-Demand" service.
The latter situation is an instance where improved delivery speed for some given price increase
could be integrated into standard business practices of companies, allowing them to increase their
profits by planning to use this service. Pricing for this case would be on a per-pound basis, analogous
to existing mail services. This case will be referred to as "Scheduled" service.
In previous studies, the market was seen as a continuous spectrum between these two extremes,
and due to this, the market volume was overestimated. For the On-Demand case, the market will
bear very high prices, up to the quoted $100-$1000/lb; however, the 6000-lb per day volume estimate
was extrapolated from standard scheduled package delivery services at a much lower cost.
Figure 2-5 shows a qualitative comparison between the two services (note that this is for illustra-
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tion only and does not reflect actual quantities). The On-Demand service has high price per pound,
but few packages per day. The Scheduled service has a large freight volume per day but a much
lower price per pound. What must be avoided is the third case, "Mismatched Service," wherein the
high prices of On-Demand service are paired with the demand for the Scheduled service, because
this provides an inaccurate representation of the market.
MVolume
r.0110, Cost
Scheduled On-Demand Mismatched
Service Service Service
Figure 2-5: Comparison of Service Paradigms
To reflect this bifurcation of the market, this study has chosen to address each of the two service
paradigms separately. The following subsections describe the nature of each paradigm, briefly explore
existing systems in each market, and explain which of the previously mentioned market requirements
were used for each type of service.
2.3.1 Scheduled Service
As described earlier, a Scheduled service would extend the existing international freight delivery
spectrum to include faster delivery times and higher prices. This means that the vehicles would be
dispatched on a regular schedule, and that they would probably be integrated closely with existing
delivery infrastructures.
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Existing Services
The largest carrier of international express mail is Federal Express, controlling j of that market, so3
it will be useful to understand the basics of their delivery infrastructure.
For express international delivery, FedEx currently uses a hub-and-spoke model. That is, pack-
ages from one region are shipped first to the international hub in that region, then to the international
hub in the destination region, and finally, from that hub to the destination itself.
Processes such as collection and sorting are also time-consuming parts of the existing international
delivery process. Figure 2-6 illustrates the principal steps in the process, and Figure 2-7 shows the
relative impact of each step on the total delivery time.
Customer Request (Boston)
Fly toCollect Sort International Sort
Packages Packages Hb(epi) PackagesHub (Memphis) ~Pcae
Fly to sotFly to Final La
International Hub Packages Destination Load(Phillippines) PSingapore)
System Boundary
IDeliver Packages)
Figure 2-6: System Diagram for Scheduled Service
Figure 2-7 shows that although the largest contribution to international Scheduled service delivery
time is flight time, collection and waiting times are quite substantial as well.
The collection time comes from the business practice of collecting packages at the end of the
working day, and thus is not flexible by more than an hour or two.
The waiting time is an artifact of the way FedEx schedules their international shipments: in
order to use the hub-and-spoke model effectively, many incoming and outgoing shipments need to
be synchronized. Optimizing the system in such a way introduces a component of wait time to any
single shipment.
More detail around scheduling issues and reduction of wait time will be presented in Chapter 5.
For now, it is sufficient to observe from Figure 2-7 that flight time accounts for less than half of the
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Figure 2-7: Time Breakdown for International Scheduled Service
total time involved in the Scheduled international delivery process, and raw increases in vehicle speed
alone will not improve delivery time - coordination with the existing delivery schedule is necessary
to realize any time improvement.
Cost Constraints
To characterize the market requirements for a Scheduled service, it is necessary to estimate the cost
which the market would be willing to bear, a function of delivery time in this case. The total volume
of demand must be estimated as well, since that is one of the key differences betwen the Scheduled
and On-Demand service paradigms.
To model the cost-time relationship, service price and delivery time information were compiled
for several FedEx delivery services, for each of four city pairs. A "next flight out" data point (the
cost required to purchase a flight and manually carry the package to the destination) was added for
completeness. This model is shown in Figure 2-8 [11].
Based on an 18% growth rate predicted by Boeing's 1995 World Air Cargo Forecast [2], the daily
volume of international express deliveries originating in the US was extrapolated using data from
the Federal Express 1997 Annual Report [3]. Figure 2-9 shows this data, projected forward to 2010,
for FPD market capture estimates of 30% and 10%.
These estimates provide a basis for later decisions: the cost-time relationship is important for
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Figure 2-9: Projected Daily International Express Volume from US
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optimizing vehicle speed to maximize revenue, and the market volume estimates are useful for
determining overall feasibility of the business case. For more details regarding the derivation of the
results presented here, see Reference [11].
2.3.2 On-Demand Service
The On-Demand service market differs in many ways from Scheduled service. On-Demand service
is a charter-based model in which it is hard to predict when vehicles will be needed and where they
will need to go. A benefit, however, due to the small number of packages, is that there is much less
infrastructure and coordination necessary for the service to operate.
Existing Services
Several charter services currently exist, the largest of them provided by UPS (UPS Sonic Air)
and Emery Worldwide (Emery Expedite). Telephone interviews with representatives from these
companies provided some insight into the nature of the service [5],[4].
Charter delivery service can take several forms: on the inexpensive end, there are times when
a courier is sent on the next available passenger flight to the destination. On the other end of the
spectrum, a customer will often charter an entire jet to deliver a single package as quickly as possible.
The focus of the On-Demand service is obviously this high-end delivery market.
Figure 2-10 outlines the steps involved in the On-Demand delivery process. Its relative simplicity
when compared with the Scheduled case is indicative of the critical distinctions between the two
problems. Figure 2-11 shows the breakdown in terms of time between the different parts of the
process flow, for an example LA-Singapore flight.
As Figure 2-11 indicates, most of the On-Demand delivery process is consumed by flight time.
Hence, in the On-Demand service realm, improvements in raw flight speed will be much more valuable
than improvements in collection and distribution processes in terms of improving overall delivery
time.
Cost Constraints
To quantify the On-Demand market, models showing cost as a function of time as well as market
volume as a function of service price are again necessary. Due to the nature of chartered service, the
cost figures are more accurately expressed in units of dollars per delivery than dollars per pound,
and the market volume is in terms of flights per day rather than pounds per day.
To model the cost-time relationship, rental cost and flight speed data were compiled for several
aircraft and tabulated for US-Europe and US-Pacific Rim flights. Due to range limitations on
existing aircraft, these results were extrapolated to model a theoretical charter aircraft capable of a
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nonstop flight of 9000 nautical miles. Figure 2-12 shows how the price per flight would vary for an
LA-Singapore delivery of various times.
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Figure 2-12: Cost vs. Time for LA-Singapore On-Demand Service
Estimating demand for this service is less critical than for a Scheduled service. If the demand for
a Scheduled service were cut in half, the same number of flights would still need to be dispatched,
causing a catastrophic loss in revenue for fixed costs. However, in the On-Demand case, a decrease
in the demand would be directly followed by an equal decrease in the number of flights, and the loss
in revenue would be balanced by the decrease in flight costs. Therefore, a model relating demand
to cost-per-flight is not as essential to high-level decisions in the On-Demand case.
As a ballpark estimate, representatives from Smith Air Charter Service and Emery Expedite
estimated a demand of 1-1.5 chartered flights per day for their services.
These estimates, for both the Scheduled and On-Demand cases, provide a basis for later decisions:
the cost-time relationship is important for optimizing vehicle speed for maximum revenue, and the
market volume estimates are useful for determining overall feasibility of the business case.
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Chapter 3
System Requirements
3.1 Introduction
Two markets have thus been defined, and the distinctions between them have been identified. The
next step is to explore the customer needs and begin defining technical requirements for an FPD
system. This chapter addresses the procedures and systems engineering tools which were used during
this phase of the design process.
3.2 Customer Needs
As a starting point for examining the customer needs, the CSTS was again very valuable. The key
points of the CSTS report were interpreted and condensed into a list of nine requirements.
This list was sent to industry representatives from companies specializing in express freight
delivery, including UPS Sonic Air and Emery Worldwide. The representatives then reviewed these
requirements and ranked them in order of importance, and average weighting factors were derived
from these rankings. Table 3.1 shows the final set of customer needs, including their weighting
factors.
As an explanatory note, the distinction between system reliability, dispatch reliability, and reli-
ability against loss of payload is as follows. System Reliability relates to the probability of overall
vehicle failure. Dispatch Reliability is the probability of the vehicle being launched on time - it
would be possible for all vehicle functions and components to work correctly, but for the mission to
fail. Finally, Reliability Against Loss of Payload refers to the payload being damaged in some way,
either by vehicle failure or by environmental conditions (high acceleration, extreme temperatures,
vibration, etc.) en route to the destination.
The next step was to expand each custorner need into a list of technical requirements at a finer
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Table 3.1: Customer Needs
level of granularity. An example of this expansion process can be seen in the following decomposition
of a composite customer need into individual technical requirements.
9 3 : Minimize Operating Cost
- 3.1 Minimize Fleet Size
- 3.2: Maximize Flight Hours / Maintenance Hour
- 3.3: Minimize Fuel Cost
- 3.4 : Maximize Vehicle Reusability
- 3.5: Minimize Ground Crew
This particular step in the concept design process is fairly subjective, depending heavily on
intuition and brainstorming more than any formulaic process. The technical requirements thus
generated cannot be guaranteed to be "necessary and sufficient" for satisfying the customer need.
However, the concept design process at this stage is not intended to be detailed, and is intended
primarily to drive out those requirements which will be most important when deciding upon a
conceptual design for the vehicle. Based on the "80/20" rule (that is, the rule of thumb which says
that 80% of the solution can be achieved with 20% of the effort), there is little justification for a
more rigorous treatment at such an early stage in the design process.
A more difficult problem with this process is that the technical means for achieving the customer
needs can be concept-dependent. Therefore, care must be taken not to assume that there is only one
set of technical requirements flowing down from any customer need. Making such an assumption
would automatically exclude some radical, unconventional designs which might address the need in
a different way. Care was taken to keep the requirements generic enough to account for different
conceptual approaches, while still refining them enough to discriminate between alternative concepts.
Bearing in mind these two caveats, the approach taken with this project was to proceed in an
iterative fashion, evaluating the degree to which different concepts satisfied requirements, then re-
assessing requirements with respect to each promising concept. Of the concepts which were originally
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Customer Need Weighting Factor
1. Faster Delivery Time than Current Systems 10
2. Minimize Nonrecurring Costs 8
3. Minimize Operating Costs 8
4. Minimize Infrastructure Cost 8
5. Minimize Turnaround Time 9
6. System Reliability Comparable to Existing Aircraft 10
7. High Dispatch Reliability 9
8. High Reliability against Loss of Payload 10
9. Global Flight Coverage 10
explored, many satisfied the customer needs in very different ways; however, as the list was refined
throughout the concept evaluation process, the most promising concepts tended to be qualitatively
similar to each other. These concepts were then evaluated based on a consistent set of technical
requirements, and those requirements will be presented in this chapter.
3.3 System Tools: Quality Function Deployment
Once the list of technical requirements was derived, the next task was to weight the importance of
each requirement. To do this, a Quality Function Deployment (QFD) matrix was used. A QFD
matrix is a visual representation of the relationships between two levels of requirements. In this
case, the QFD matrix was used to clearly define the relationships between the customer needs and
the technical requirements which were derived from them.
The basic structure of a QFD translation matrix is shown in Figure 3-1, and a brief explanation
of its application follows.
Technical
Requirements
a)
z
E
0
Relationship
Matrix
Li . 1 | | I I 1 I I I I I
Weighting Factors
Figure 3-1: Diagram of a QFD Matrix
Note first that a fully-implemented QFD matrix has several sections, designed for a number of
different systems engineering objectives; however, this project used only the basic translation matrix,
which lies at the heart of the QFD tool. This matrix provides a convenient way to determine weights
for derived requirements. For example, if a technical requirement strongly contributes to satisfying
three high-priority customer needs, it should be given a higher weighting than one which only
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contributes to satisfying a single customer need.
To set up a QFD translation matrix, the customer needs are first listed down the left side,
while the technical requirements needed to satisfy those needs are listed across the top. Within the
matrix itself, each intersection is then assigned a value, based on the degree to which the technical
requirement in its column contributes (positively) to the customer need in its row.
For this project, these values were scaled quadratically (1 for weak, 3 for moderate, 9 for strong),
a practice which accentuates the strong relationships. Once these correlation values have been
assigned, they are multiplied by the customer need weighting factors in the corresponding rows,
and summed by column. The result is a list of derived weighting factors for the technical require-
ments, based on their importance to satisfaction of the customer needs. These weighting factors are
normalized to an integer scale of 1-10, and those values become the ranks for the new requirements.
Constraints have a place in the QFD as well. They are listed on the left, along with the customer
needs; however, they are not weighted. Instead, any requirements which directly satisfy constraints
are visually represented by an X in the matrix.
Note that this process can be repeated each time it is necessary to flow the requirements down
to an additional level of granularity. Two levels of technical requirements were derived for each case
(i.e. Scheduled and On-Demand Service).
3.3.1 QFD Analysis for Scheduled Service
Surveys were composed and sent to industry representatives before the market bifurcation (Scheduled
Service vs. On-Demand Service) was fully understood. Therefore, the first step in developing the
requirements for Scheduled Service was to revisit the list of customer needs. Since Scheduled Service
would need to integrate with existing delivery infrastructures, an additional item was added (see
Table 3.2).
Customer Need Weighting Factor
10. Use Standard Cargo Containers 5
Table 3.2: Additional Customer Need for Scheduled Service
Next, the customer needs were decomposed into technical requirements, using the procedure
described earlier. The following list includes the first- and second-level technical requirements which
were derived.
* 1. Faster Delivery Time than Existing Systems
- 1.1 Minimize Flight Time
* 1.1.1 Maximize cruise speed
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* 1.1.2 Minimize time to cruise
* 1.1.3 Minimize landing time
- 1.2 Minimize Loading/Unloading Time
* 1.2.1 Maximize access to cargo bay
* 1.2.2 Minimize vehicle cooling time
* 2. Minimize Non-Recurring Costs
- 2.1 Minimize Material Costs
* 2.1.1 Maximize use of standard materials
- 2.2 Minimize Design Costs
* 2.2.1 Maximize use of off-the-shelf components
* 2.2.2 Minimize subsystem reusability
- 2.3 Minimize Manufacturing Costs
* 2.3.1 Minimize assembly effort
* 2.3.2 Minimize part count
* 2.3.3 Minimize manufacturing effort
* 3. Minimize Operating Costs
- 3.1 Minimize Fleet Size
- 3.2 Maximize Flight Hours per Maintenance Hour
* 3.2.1 Minimize fault diagnostic effort
* 3.2.2 Minimize part replacement effort
- 3.3 Minimize Fuel Cost
* 3.3.1 Maximize use of inexpensive fuels
* 3.3.2 Minimize fuel transport / storage cost
* 3.3.3 Use multiple stages
* 3.3.4 Maximize fuel efficiency
* 3.3.5 Maximize use of composite materials
* 3.3.6 Provide autonomous flight operations
- 3.4 Maximize Vehicle Reusability
* 3.4.1 Maximize subsystem reusability
- 3.5 Minimize Required Ground Crew
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* 3.5.1 Unassisted taxi capability
* 3.5.2 Minimize start-up effort
* 4. Minimize Infrastructure Costs
- 4.1 Maximize Use of Existing Facilities
* 4.1.1 Nominal takeoff/landing distance
* 4.1.2 Maximize integration with existing ground vehicles
* 4.1.3 Minimize use of hazardous materials
- 4.2 Minimize Use of Support Equipment
* 5. Minimize Turn-Around Time
* 6. Aircraft-like Reliability
- 6.1 Maximize System Reliability
* 6.1.1 Minimize number of stages
* 6.1.2 Maximize functional redundancy
* 7. High Dispatch Reliability
- 7.1 Maximize Fleet Size
- 7.2 All-Weather Capability
* 7.2.1 Minimize effect of weather on mission
- 7.3 Day/Night Capability
* 8. High Reliability Against Loss of Payload
- 8.1 Maximize Payload Protection in Flight
* 8.1.1 Nominal acceleration limits
* 8.1.2 Nominal environmental conditions in payload bay
* 9. Provide Global Flight Coverage
- 9.1 Long Range
* 9.1.1 Maximize lift-to-drag ratio
* 9.1.2 Provide satellite communications data link
* 10. Use Standard Cargo Containers
- 10.1 Accommodate Standard Load Divider (LD) Containers
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Note that there are some requirements which did not get expanded to the third level. This is
often because they have already been satisfied by existing requirements. A good example of this
is the fact that customer need #5:Minimize Turnaround Time has no child requirements. This is
because two of the requirements under #3: Minimize Operating Costs also contribute to minimizing
the vehicle turnaround time. Relationships of this nature only underscore the need for a good
visualization tool like a QFD matrix.
Finally, there is one more class of requirements: constraints. Unlike requirements derived from
customer needs, constraints cannot be traded off. Federal Aviation Regulations and basic market
requirements are examples of constraints. The following constraints were used in this analysis.
" Carry 6000 pounds of payload
* Conform to noise level requirements
- Minimize sonic boom audibility on ground
- Minimize operating noise
" Conform to emissions regulations
" Provide safe abort capability
- Enable alternate landing sites
The completed QFD matrix for the first level of translation, that is, from customer needs to
first-level technical requirements, is shown in Figure 3-2.
The results from this translation indicate that the most important first-level technical require-
ments are those listed in Table 3.3.
Table 3.3: High-Priority First-Level Requirements: Scheduled Case
It makes sense to review these requirements and understand why they are so important. The #1
requirement, maximizing reliability, makes sense because three of the customer needs centered around
reliability. This is very understandable, considering the critical nature of the vehicle's payloads.
Minimizing the fleet size and maximizing the reusability both drive towards keeping costs low.
Costs also account for three of the customer needs. This makes sense because unlike government-
funded projects, an FPD service will only survive if it can turn a profit.
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Requirement Weight
Maximize System Reliability 10
Minimize Use of Support Equipment 8
Minimize Fleet Size 7
Maximize Vehicle Reusability 7
Maximize Use of Existing Facilities 7
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Finally, minimizing the necessary support equipment and maximizing the use of existing facilities
are an expression of the need to serve a global market. To require the development of specialized
vehicle support facilities for each node served by the FPD service would be fundamentally unscal-
able. Some examples of vehicle support facilities could include rocket launch pads, facilities to
accommodate sea landings, storage of rare fuels, equipment for retrieving and reattaching ejected
stages, or ground-mounted maglev rails for launch. Building an entire distribution chain around a
scheduled FPD service would likewise be highly impractical, when the service could simply leverage
the infrastructures used by existing services. These two requirements are thus very important in
selecting a concept for a Scheduled service offering.
Second-level technical requirements were then derived from the first-level technical requirements.
This translation is represented in the QFD matrix shown in Figure 3-3. This second QFD matrix
shows that the second-level requirements listed in Table 3.4 are of relatively high importance:
Table 3.4: High-Priority Second-Level Requirements: Scheduled Case
Requirements to maximize the cruise speed and lift-to-drag ratio directly contribute to minimiz-
ing flight time and providing long-range capability. Providing functional redundancy, minimizing
the number of stages, and diagnosing system faults are all important because of the strong concern
for system reliability. Fault diagnostics also help reduce cost and speed up turnaround time by
reducing the workload on the ground crew.
Requiring autonomous flight operations, on the other hand, is due primarily to cost concerns. If
it were possible to eliminate the need for a pilot, there would be no need for life support systems,
controls, displays, a cockpit, a door, or emergency escape mechanisms. This would greatly reduce
the mass and volume that would need to be carried for the entire mission, with the added savings
of a commensurate reduction in fuel requirements, tank structure needed to support that fuel, and
wing area required to support the added airframe mass. This would result in lower per-flight costs
and lower per-vehicle costs. These savings, of course, would be offset somewhat by the added cost
of developing a pilotless system.
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Requirement Weight
Minimize Fault Diagnostic Effort 10
Provide Autonomous Flight Operations 9
Maximize Lift-to-Drag Ratio 8
Maximize Cruise Speed 7
Maximize Functional Redundancy 7
Minimize Number of Stages 7
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3.3.2 QFD Analysis for On-Demand Service
The requirements analysis for the On-Demand service vehicle was performed in the same way as for
Scheduled service. First, the requirement in Table 3.5 was added to the original list of customer
needs.
Customer Need Weighting Factor
10. Wide Collection Radius 5
Table 3.5: Added Requirement
This requirement reflects the fact that although an On-Demand service does not necessarily need
to operate in conjunction with an existing delivery infrastructure, some means must be provided
for the pickup and delivery ends of the process. Regardless of the means used, wider collection and
distribution radii will draw more business. Note that the size of the collection radius depends in
part on the speed of the cruise vehicle, since door-to-door delivery time is really the measure of
success for an FPD service. The time saved by a faster cruise vehicle would enable a package to be
picked up from (or delivered to) locations further from the launch (or landing) zone, given a fixed
door-to-door delivery time.
The requirements derived from the customer needs differ slightly from those in the previous sec-
tion, because the On-Demand service encompasses more steps in the delivery process than Scheduled
service does. To account for the inclusion of these steps, the following requirements were added:
* 1. Faster Delivery Time than Existing Systems
- 1.3 Minimize processing time
* 1.3.1 Maximize concurrent processing activities
- 1.4 Minimize transit time
* 1.4.1 Real-time traffic/route info
* 1.4.2 Minimize collection/distribution radius
* 1.4.3 Maximize velocity of transfer mechanism
Additionally, since an On-Demand vehicle does not operate on a fixed schedule, it needs to be
able to launch on short notice. The following requirements were thought to reflect this new concern:
* 5. Minimize Turn-Around Time
- 5.1 Minimize vehicle preparation time
* 5.1.1 Minimize fueling time
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Finally, the constraints for an On-Demand vehicle are nearly the same as those for a Scheduled
vehicle. The only differences are in the required payload size and weight. Two changes, shown
in Table 3.6, provide everything necessary to begin using the QFD matrix to derive the weighting
factors for the On-Demand case.
Constraint
Carry 200 pounds of payload
Accommodate 2' x 2' x 2' payload
Table 3.6: Added Constraints
Figure 3-4 shows the QFD matrix for the translation from customer needs to first-level technical
requirements. In general, the relationships in the matrix tended to carry the same weight as those
in the Scheduled service case.
The results of the first QFD matrix for the On-Demand case show the requirements in Table 3.7
to be high-priority.
Table 3.7: High-Priority First-Level Requirements: On-Demand Case
Note that flight time and vehicle preparation time have entered the list. Therefore, when selecting
a vehicle for On-Demand service, raw speed will be much more important than it would be for a
Scheduled service vehicle.
From the second-level QFD Translation Matrix in Figure 3-5, the second-level requirements can
be ranked in order of importance. This ranking is shown in Table 3.8.
Table 3.8: High-Priority Second-Level Requirements: On-Demand Case
This ranking shows that the driving requirements for an On-Demand vehicle are the same as
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Requirement Weight
Maximize System Reliability 10
Minimize Use of Support Equipment 8
Minimize Flight Time 8
Minimize Vehicle Prep Time 8
Maximize Use of Existing Facilities 7
Requirement Weight
Minimize fault diagnostic effort 10
Minimize number of stages 8
Maximize lift-to-drag ratio 5
Maximize cruise speed 5
Autonomous flight operations 5
Maximize functional redundancy 4
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those for the Scheduled case already discussed. Examining how these requirements are prioritized
differently between the two systems emphasizes the heightened importance of reliability and rapid
turnaround for the On-Demand case.
A final note: Minimize number of stages turned out to be a very high priority due to two factors:
the first is the decrease in overall system reliability as the system's complexity goes up. The second
is the penalty in turnaround time resulting from the added complexity of multiple stages. What this
requirement suggests, then, is that avoiding complexity will be a high priority during the concept
exploration phase, for both the Scheduled case and the On-Demand case.
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Chapter 4
Concept Selection
Having established the driving requirements of the system, the next step is to select an overall
concept. A list of conceptual vehicles was compiled, and each concept was rated on the basis of how
well it satisfied each of the customer needs. The scores were totalled up and used to determine the
kind of vehicle to be designed. This process was performed twice: once for Scheduled service and
once for On-Demand service.
4.1 Vehicle Concepts
A wide variety of concepts were examined, ranging from existing vehicles (the Concorde), to vehicles
currently in development, to the highly theoretical. Some initial concepts were eliminated, for
reasons stated below, leaving twelve vehicle concepts to be rated and compared.
4.1.1 Initial Concepts
To give an indication of why some of the initial concepts were abandoned, they will be briefly
described here.
One concept involved the airborne dispersal of multiple independently-targeted packages. The
idea was that there would be a large, hypersonic "mother ship" which would fly between the pickup
location and the vicinity of the delivery location. Employees of the package delivery company would
plant a transmitter on the delivery site while the package delivery vehicle was in transit, and a small,
unmanned mini-aircraft would be deployed to deliver the individual package. This would eliminate
the final leg of the delivery process and allow one vehicle to deliver multiple packages; however, it
was assumed that regularly sending a fleet of low-flying, autonomous aircraft through urban areas
would pose too many safety and certification issues.
Other concepts included sea-based launch and landing facilities for safety reasons (their isolation
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from populated areas); however, the overhead of building those facilities and the expense of operating
vehicles between the facilities and the mainland (both monetary and time) were seen as unnecessary
expenses for the value provided, so only land-based concepts were considered.
4.1.2 Final Concepts
After a few iterations, the following concepts were selected for comparison. Each of these vehicles
uses a unique combination of technologies for launch, cruise, and landing. For purposes of clarity,
the more complex vehicle concepts are labeled with the name of the existing or proposed vehicle
which most closely matches the concept considered.
Concorde
The first vehicle considered was the only truly reusable commercial supersonic transport in existence
today, the Concorde. Since British Airways has been operating this vehicle for 25 years, its cargo
capabilities and commercial viability are well-understood by now. As a proven technology, it seems
that it would be an excellent candidate for an FPD system. As a proven system, it has an advantage
over unproven vehicles in the reliability arena, and since the design has already been formulated,
design costs would be relatively low as well.
Figure 4-1: Concorde (Source:www.british-airways.com)
However, it turns out that Concorde was designed for a target market of business travelers, and
many modifications would be necessary to adapt it to a new role as a cargo vehicle. Due to its
speed and capacity, it would seem to be most well-suited to Scheduled service, but as mentioned
in Chapter 3, one of the constraints for Scheduled service is the ability to use standard LD cargo
containers. The Concorde's size and shape are not well-suited to these containers.
Another strike against Concorde is that it was not designed for the trans-Pacific distances which
would be required of an FPD vehicle. Extending its range would be another costly design challenge.
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Finally, the imminent retirement of the Concorde fleet in 2005 serves as yet another deterrent
to its use as an FPD vehicle. More details about the viability of Concorde for FPD service can be
found in [Palmer 18].
Despite these specific shortcomings, the Concorde still appears to be the best existing, proven
system that could be adapted for FPD. For this reason, it was chosen as a baseline vehicle, against
which all other concepts were compared.
Mach 2-3 Turbojet-Powered Aircraft
This vehicle is a horizontal takeoff, horizontal landing aircraft with the capability to fly at speeds
of Mach 2-3. Similar to the Concorde but built with newer technologies, this vehicle is much like
NASA's proposed High Speed Civil Transport. It would use turbojets during both subsonic and
supersonic flight.
Figure 4-2: High Speed Civil Transport (Source:nix.grc.nasa.gov)
Mach 3-6 Ramjet-Powered Aircraft
This concept takes the previous vehicle concept up to the next speed regime. To achieve speeds of
Mach 3 and above, the vehicle needs to have a ramjet engine as well as a turbojet. This introduces
reliability challenges and increased development costs, but can double the cruise speed.
Mach 6+ Scramjet-Powered Aircraft
Continuing the trend to higher speeds, scramjet engines could accelerate the vehicle to speeds above
Mach 6 (theoretically, as high as Mach 15, although the extreme temperatures at such ultra-high
speeds make such a vehicle impractical with technology available today). As an air-breathing vehicle,
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it would need to carry both turbojet and ramjet engines to accelerate the vehicle to a speed at which
the scramjet could start.
This concept produces the highest speed attainable by an air-breathing vehicle; however, as we
saw in Chapter 3, speed is not the highest priority requirement - reliability is. Cost and reliability
issues raise concerns about this kind of vehicle, considering that scramjet technology is still in its
developmental stages. This vehicle would also be much more complex than the baseline concept,
due to the additional engines and the need for active cooling.
Figure 4-3: Hyper-X Vehicle (Source:www.dfrc.nasa.gov)
DC-X
At first glance, the FPD requirements seem to suggest that air-breathing propulsion would be
preferable to rocket propulsion. Air-breathing vehicles tend to have higher reliability than rocket
vehicles, as well as substantially lower fuel cost. They would be more readily accepted at commercial
airports as well, something that is a strong requirement for Scheduled service and would be a good
idea for On-Demand service.
However, rockets can produce substantially higher speeds than air-breathing vehicles, and they
have no altitude limits like air-breathers. Several concepts incorporating rocket propulsion in some
phase of flight were considered. The first of them was a DC-X-style vehicle.
The Delta Clipper eXperimental launch vehicle ("DC-X") was built by McDonnell Douglas to
demonstrate the technologies required for a reusable vertical-launch, vertical-landing rocket. A
photo of the second-generation vehicle, the DC-XA, is shown below. The vehicle was built and
flown successfully a number of times.
The generic concept considered here was a rocket-powered, vertical launch, vertical landing
vehicle.
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Figure 4-4: Delta Clipper (Source:ftp.seds.org)
Roton
The Roton is a vehicle under development by the Rotary Rocket Company. It takes off vertically,
like a conventional rocket, but lands vertically as well. Unlike the DC-X, which used rocket thrust to
slow and control its descent, the Roton uses rotors, controlled by rocket thrusters at the tips. This
technique is much more smooth and fuel-efficient than using raw thrust to slow down on reentry.
In 1999, the Roton was successfully launched using rotor power alone, completing three low-
altitude test flights. For the purposes of this concept exploration, however, it is considered to
be highly experimental, as several technological barriers, such as deployment of the rotors during
ballistic reentry, have yet to be proven.
The generic concept considered here was exactly like the Roton: a rocket-launched vehicle with
rocket-powered rotor tips for reentry.
Mixed-Mode Roton
Due to the concerns that rocket launches would require special launch facilities, this hybrid concept
was created. It combines the rocket cruise and landing abilities of the Roton, but launches using
airbreathing rotors only. Once it has moved a safe distance from the launch facility, the rocket
engines are ignited.
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Figure 4-5: Roton (Source:www. rotaryrocket. com)
Pegasus
Orbital's Pegasus rocket uses a conventional aircraft (an L-1011) in place of the first stage of a
conventional rocket. The 2-stage rocket is dropped from the aircraft at 40,000 feet before igniting
its engine.
Figure 4-6: Pegasus (Source:www.orbital.com)
The concept explored here was a Pegasus-derivative incorporating an air-drop launch, single-stage
rocket cruise (using hydrogen and oxygen as fuel), and a parachute landing.
X-34
Like the Pegasus, the X-34 is also designed to be dropped from an aircraft. However, the X-34
is a reusable hypersonic rocketplane, capable of a powered runway landing. It uses kerosene and
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liquid oxygen for fuel, a much less expensive and more manageable combination than hydrogen and
oxygen.
Figure 4-7: Orbital X-34 (Source:www.spacefuture.com)
Pathfinder / Astroliner
This concept embodies the efforts of two companies. Pioneer Rocketplane, one of the competitors
for the X-Prize, is developing the Pathfinder, a reusable vehicle with the ability to launch from an
airstrip using air-breathing propulsion, refuel in the air, and take a payload to low Earth orbit using
rocket propulsion before landing horizontally.
Figure 4-8: Pioneer Pathfinder (Source:www.rocketplane.com)
A similar effort is in progress by Kelly Space and Technology, a key difference being that their
vehicle, the Astroliner, does not launch under its own power. The Astroliner is tow-launched behind
a 747, a technique which not only saves fuel, but does so using a very simple interface - no mechanical
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mating of complex parts would be required.
Figure 4-9: Kelly Eclipse Astroliner (Source:www.spacefuture. com)
The concept represented here blends these two vehicles as an abstract, horizontal-launch, rocket
cruise, powered horizontal landing vehicle.
It is interesting to note that Pioneer Rocketplane has called out FPD as a potential application
for the Pathfinder vehicle.
A/B VTOHL Rocket Cruise
So named for lack of a comparison vehicle, this concept is similar to the Pathfinder / Astroliner, but
with vertical take-off capability. It was thought that perhaps such a vehicle would not be limited to
launching from facilities with airstrips, extending its coverage range.
Cannon-Launched
Pushing the technology curve for extra speed, this vehicle would be launched by a ground-mounted
cannon. It would use hypersonic airbreathing propulsion to maintain its cruise speed, but to minimize
weight, it would land using a parachute. With no need for powered subsonic flight, the weight of a
turbojet engine would also be saved.
Kistler K-1
The Kistler Aerospace corporation is developing a two-stage reusable rocket called the K-1. Both
stages are designed to parachute to earth for recovery. Disadvantages of this system are the limited
reusability (due to the stresses on the rocket engines, each vehicle is designed for only 100 flights)
and the added infrastructure and time necessary to retrieve and join the two stages, in order to
prepare the vehicle for its next flight.
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Figure 4-10: Kistler K-1 (Source:www.spacefuture.com)
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Wing-Assisted First Stage
A vehicle concept developed as a part of this project, this vehicle would use two stages: a subsonic
flying wing, and a supersonic cruise vehicle powered by rockets. The first stage would assist in
two respects: first, like any staging mechanism, it would reduce the fuel weight required by the
secondary vehicle. Second, a vehicle taking off using airbreathing propulsion would probably be
more acceptable to commercial airports than a rocket-powered vehicle would. A sketch of this
vehicle is shown in Figure 4-11.
Figure 4-11: Wing-Assisted Rocket Vehicle
4.2 Comparison Study
Having defined the vehicle concepts, a matrix was set up for each of the two business cases. The
customer needs were listed along the left side of each matrix, and the concepts along the top. Some
constraints were also included as well, to help rule out concepts that fundamentally conflicted with
the constraints.
Next, each concept was compared to the baseline concept (the Concorde) and given a score from
-3 to +3, a positive score indicating that the concept satisfied that requirement better than the
Concorde would. Those scores were then multiplied by the weighting factors of the customer needs
and totalled up, indicating which concept was the most desirable overall for each service mode.
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'IX
4.2.1 Scoring the Concepts
To give some insight into the rationale behind the concept scores, each technical requirement will
be briefly described here, along with the factors that were considered while scoring the concepts for
that need (see Section 3.3.1).
Minimize Flight Time
This is an interesting requirement. Recalling the comparative percentages of total delivery time taken
by the two service modes, raw speed was more important to On-Demand service than to Scheduled
service. Therefore, in the Scheduled case, all vehicles with higher speeds than the Concorde were
treated as equals, with scores of +1.
High speeds in the On-Demand case were given a graduated scale of scores, with the pure rocket
vehicles receiving +3, the hybrid and extremely-high-velocity vehicles receiving +2, and only the
ramjet-powered aircraft receiving a +1. The supersonic turbojet aircraft scored 0, since it would
have a velocity comparable to the Concorde.
Maximize System Reliability
To estimate the overall reliability of the concepts being compared, a few generalizations were made.
First, highly-experimental, unproven technologies were given a -3 score. These included technologies
such as scramjets and cannon-launched vehicles which have not yet reached maturity.
Vehicles using rocket engines were generally given lower scores than airbreathing vehicles, since
rocket engines tend to be subjected to more extreme temperatures and forces than airbreathing
engines. Existing vehicles and technologies that have been demonstrated in test flights were given
higher scores than those which were still in the theoretical or component-testing stages of develop-
ment.
Finally, the turbojet-powered aircraft and the turbojet/ramjet-powered aircraft were both given
+1 scores, due to the fact that they are based on well-proven technologies, and that they could be
designed, using current technologies, to have even higher safety and reliability standards than the
Concorde.
Minimize Development Costs
Development cost estimates were based in part upon the degree to which the vehicle's key technolo-
gies have been implemented in existing systems. Vehicle complexity was also considered, since a
vehicle like Pegasus, which uses an existing aircraft as a first stage, would have a much lower cost
associated with design and development than a more complex, multistage vehicle.
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Minimize Manufacturing Costs
This criterion was generally based upon vehicle size and required materials, although complexity in
terms of the number of stages or engines was a factor as well.
Maximize Flight Miles / Maintenance Hour
The high-speed vehicles were penalized for the extreme temperatures they would need to withstand,
since that would require additional maintenance time to check for cracks and damage to the heat
shields. The cannon-launched system was not penalized due to the simplicity of the vehicle, and
the turbojet-powered and turbojet/ramjet-powered aircraft were scored at the same level as the
Concorde.
Minimize Fuel Costs
Since the cost of hydrogen as a propellant is roughly ten times that of the cost of kerosene, the
type of fuel used was the most important contributor towards these scores. Other factors included
whether or not the vehicle was designed to complete the trip in one stage. or multiple stages, the
latter requiring less total fuel.
Maximize Reusability
Like the reliability rankings, the reusability scores took into consideration whether the vehicles used
rocket engines, because those engines would need replacing more often than air-breathing engines
would. Vehicles experiencing extreme temperatures, such as the ultra high-speed scramjet vehicle,
were also penalized, because they would most likely require more frequent replacement of parts.
Minimize Ground Crew
Considerations of ground crew size stemmed from two general sources. One potential cause for a
large ground crew would be any need to join vehicle stages together, whether they be the Pegasus
mounted underwing or the K-1's rocket stages.
Another consideration was extreme heating or stress, which would be experienced not only by
high-velocity vehicles as previously mentioned, but especially by rotorcraft, due to the long, thin
blades and the thermal loads and stresses to which they would be exposed.
Maximize Use of Existing Launch Facilities
Several aspects of compatibility with launch facilities were considered. Primary concerns were noise
and general similarity to standard aircraft behavior. Takeoff noise for rockets is extremely high and
would be unacceptable at commercial airports. Similarity to standard aircraft is important in terms
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of integration with air traffic, as well as general compatibility with the runways and other facilities
found at airports.
A number of vehicles succeeded the Concorde with regard to noise characteristics. Given the
looser noise standards in the 1970's and the relative immaturity of supersonic technologies at that
time, it is understandable why the Concorde produces a large amount of engine noise. Were a similar
vehicle developed today, it would be much quieter, and thus the concepts incorporating airbreathing
launch mechanisms scored higher than Concorde. Rocket vehicles were awarded negative scores,
however, unless they operated under airbreathing propulsion during launch.
Vehicles with horizontal landing capabilities scored neutrally, whereas parachute-landing vehicles,
such as the Pegasus derivative, lost points. Vertical launching capabilities went either way - the
K-1 lost points because of its need for a true launch pad, whereas the DC-X and rotorcraft gained
points, due to their added maneuverability.
Minimize Need for Support Equipment
For the present purposes, support equipment includes specialized equipment used to join multistage
vehicles together, as well as cryogenic fuel-storage tanks.
Minimize Preparation Time (On-Demand only)
Recall from Chapter 3 that one of the drivers for the On-Demand business case is minimal vehicle
preparation time. A two-hour improvement in cruise time is of little use if the faster vehicle requires
six extra hours of advance notice to be prepared to fly.
Multistage vehicles generally lost points in this category, since the process of joining stages tends
to be long and involved. The concept based on Pioneer Pathfinder / Astroliner was not penalized
as heavily, because the level of coordination required for a tow launch or in-flight fueling is much
lower than that of a direct mating of two vehicle stages.
All-Weather Capability
The ability to function in all weather is a technical hurdle that has been largely solved by today's
navigation and flight technology. Rotor vehicles and parachute-landing vehicles were judged to be
most susceptible to extreme weather conditions. The DC-X's vertical landing capability gave it an
edge in this case, because even iced runways would not prevent it from landing.
Long Range (9000 miles)
Some of the vehicle concepts were essentially ballistic, with no wing surfaces upon which to glide.
These vehicles would have much more difficulty reaching long-range distances than winged vehicles.
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The high-velocity airbreathing vehicles earned the most points, their more efficient fuel consump-
tion giving them a dramatic edge over their rocket-powered counterparts.
Noise Regulations
Finally, it was called out explicitly that rocket-launch vehicles would not be permitted to launch
from commercial airports. If one of these vehicles were to score highest, then this constraint would be
a major concern, and would have to be mitigated in some way to qualify the vehicle for acceptance.
In the end, none of these vehicles was a high scorer, so there was no conflict.
4.2.2 Scheduled Service Concept
Finally, these rankings were placed into the matrix. Figure 4-12 shows the results for Scheduled
service. The highest scoring vehicles were the turbojet-powered Mach 2-3 vehicle and the Mach 3-6
turbojet/ramjet vehicle. In fact, these were the only two vehicles to score higher than the baseline.
The Pathfinder / Astroliner concept scored a distant third, far behind the Concorde.
These results show again how raw speed is not the driving factor for a scheduled FPD system.
Pressing needs for reliability, low cost, and the ability to integrate with existing launch and landing
facilities put all of the rocket-based concepts out of the running.
4.2.3 On-Demand Service Concept
A like analysis was performed for the On-Demand case, with the appropriate customer needs and
the different scoring of flight times, as mentioned above. Results for this case showed the Mach 3-6
ramjet/turbojet vehicle in first place, reflecting its improved speed and range. A close second was
the turbojet aircraft, followed by the Pathfinder / Astroliner, which scored just below the baseline
this time. Figure 4-13 shows the On-Demand concept matrix.
Again, the results are not surprising. On-Demand service places an emphasis on increased speed,
but reliability is still the highest concern. Small amounts of cost and reliability are thus traded for a
reasonable increase in speed. The other concepts considered tended to trade much more reliability
and cost for much more speed, a trade which is not justified by these requirements.
Considering the differences between the top two concepts (only six points in both the On-Demand
and Scheduled cases), it is conceivable that one vehicle could reasonably be used to serve both
markets. However, the approach taken by this project was to examine the possibility of treating
them as separate problems, so they will continue to be considered as such.
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Chapter 5
Scheduled Service
5.1 Overview
A Scheduled service FPD system essentially differs from an On-Demand system in two ways: first,
it needs to service a much higher volume of traffic, so it needs to integrate with existing delivery
infrastructures. Due to this dependency, there are only limited performance improvements to be
gained with increases in raw vehicle speed, a point which will be illustrated below with a mission
timeline.
The second difference is that the revenue generated by a scheduled service is determined on a
per-pound basis. This condition has ramifications which will be examined in the cost analysis.
5.2 Vehicle Solutions
The concept selected in Chapter 4 was a Mach 2-3 supersonic aircraft. Vehicles which fit this profile
include High Speed Civil Transports (HSCT) and Supersonic Business Jets (SSBJ).
NASA and industry partners explored requirements for an HSCT, and determined that a market
exists for vehicles with the capacity for 250-300 passengers, with cruise speeds between Mach 1.6
and Mach 2.5 and a range of 5000-6500 nautical miles. Such a vehicle would have the capacity to
carry the predicted 6000 pounds of cargo per city pair, but would need to stop and refuel during
a trans-Pacific flight. Target dates for the implementation of an HSCT range from 2010 to 2020
[6],[7).
SSBJ's, on the other hand, are small business jets designed to carry around 8 passengers at
speeds of Mach 1.6 to Mach 2.0, with a range of around 4600 miles. SSBJs could become available
much earlier than HSCTs, which makes them attractive for a first-generation FPD application.
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5.3 Scheduling
Regardless of the vehicle design, certain scheduling requirements remain constant. An FPD system
needs to integrate with an existing delivery infrastructure. The example used for these analyses is
the model currently used by Federal Express.
To illustrate how that system works, consider the path taken by a single package sent from Boston
to Singapore. The package is collected in the afternoon, loaded onto a plane, and flown to a central
hub in Memphis, where packages from across the country are sorted at midnight. As the timeline in
Figure 5-1 shows, they are then flown, after a refueling stop in Anchorage, to an international hub
in the Philippines, where the packages wait for several hours until they are again sorted at midnight
local time. Finally the packages are flown to their final destination in Singapore.
E E E E) EEn
Figure 5-1: Timeline for Existing Service
From the timeline in Figure 5-1, it is evident that the optimal vehicle speed brings the packages
to the international hub just before the sorting process begins at midnight. If they arrive any later,
the packages must wait an entire day before being delivered. Likewise, early arrivals add no value
and do not justify the higher costs required to improve the speed of the transport vehicle.
With this understanding, the following mission timeline (Figure 5-2) was derived. Given this
schedule as a constraint, and assuming that the route from Memphis to Anchorage is constrained to
subsonic flight, the leg from Anchorage to the Phillippines will specify the required vehicle speed. A
block speed of Mach 2.25 over this distance would get the packages to the hub shortly after midnight,
allowing them to be sorted before the aircraft are dispatched to local destinations.
5.4 Challenges
One issue brought up by this timeline surrounds the question of whether multiple trips per day could
improve door-to-door delivery time. Initially, a multiple-delivery model seemed like a convenient way
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Figure 5-2: Timeline for Scheduled FPD Service
to reduce customer wait time, by scheduling one or more pick-up times before the end of the work day.
However, if the system is to integrate with existing international shipping infrastructures, substantial
logistical changes will need to be made to the way international freight flights are scheduled. Simply
put, existing systems do not support multiple international delivery times per day.
Another challenge is incompatibility with existing cargo containers, a problem which stems from
the small fuselage diameter shared by most supersonic transport designs. Although this compatibility
is greatly desirable, it would be possible to design new containers for these FPD transports.
Finally, based on market estimates from existing mail services and CSTS projections, the delivery
time provided by this system (averaging 30 hours) would merit a cost per pound of about $13.
Assuming an 8-passenger SSBJ could carry 2700 pounds of freight, the total cost per flight for an
LA-Singapore route would cost between $20 and $30 a pound [11].
An HSCT would carry more freight (up to the total predicted demand of 6000 pounds per city
pair) but would also cost much more to develop and operate than would a small business jet.
To address these challenges, it would be prudent to reexamine the cost analysis and market
potential as these technologies mature. The benefit that a Scheduled service model has over On-
Demand service is that HSCT and SSBJ-type vehicles are already in development for other purposes,
and the FPD market would not need to be the primary application of those technologies.
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Chapter 6
On-Demand Service
6.1 Overview
Recall that the mission of the On-Demand service is to provide an end-to-end delivery service at the
highest speed possible, measured from the moment of the customer's request to the point of delivery
at the package's destination.
In this case, the targeted market centers around emergency shipments and urgent deliveries; it
would be unlikely to be used on a regular day-to-day basis by any kind of business. The price
charged to the customer would tend towards the high end of the $100-$1000/pound estimate quoted
in Chapter 2, but the price would be per-delivery, rather than per-pound (details around the pricing
model will be explained at the end of this chapter).
Since 45% of the international express market originates from the United States, the most likely
routes would be trans-Atlantic (US-Europe) and trans-Pacific (US-Pacific Rim). Since trans-Pacific
routes would provide the greatest distances, they would realize the greatest benefit from an FPD
system, and thus they would provide a good entry market for this service.
This chapter will present the high-level design of a vehicle designed for the requirements of On-
Demand service. The overall layout, mission profile, propulsion technologies, thermal and materials
requirements, and top-level avionics considerations will be presented, along with a preliminary cost
analysis. A more detailed treatment of the avionics architecture design will be presented in the
following chapter.
As the concept matrix suggests, the vehicle's cruise speed will be around Mach 6. It uses turbojet
engines for launch and landing, as well as for flight near airports and over land. During cruise, it
uses a ramjet, and retracts the inlets to the turbojet engines for aerodynamic efficiency. Between
the subsonic and supersonic cruise phases, the vehicle executes a 1800 roll maneuver, the details of
which will be explained below. Finally, this design assumes that there will be no pilot on board, in
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accordance with the requirements derived earlier. The vehicle will be remotely-piloted during the
launch and landing phases, and it will fly autonomously during cruise. Design approaches for the
configuration, degree of autonomy, mission profile, and flip maneuver will be discussed here.
6.2 Vehicle Layout
Figure 6-1 shows the layout of the vehicle itself. Propulsion considerations turned out to be the
principal drivers for the shape of the body. The central drawing shows the ramjet engine on the
bottom, with the turbojet intakes on top. This is the orientation of the vehicle during the cruise
phase, when it will be flying under ramjet power. In this orientation, the angle of the aircraft body
provides so-called fore-body compression, collecting a large volume of incoming air and feeding it
into the ramjet. Behind the engine, the body's curved shape likewise acts as a nozzle, using the
related principle of aft-body expansion.
LEGEND
FUEL SYSTEM
TURBOJET ENGINES
LANDING EAR
RAMJET
ENGINE COUIPMENT 4OXKYGEN TANK C----
PAYLOAD --
PAYLOAD PROTECTION
THERMAL PROTECTION
AVIONICS
LANDING CONFIGURATION
TAKE-OFF WEIGHT = 146000 POUNDS
EMPTY WEIGHT - 42775 POUNDS
FUEL WEIGHT = 103225 POUNDS
PAYLOAD WEIGHT = 200 POUNDS
MAX RANGE - 9000 MILES
CRUISE VELOCITY = MACH 6,0
CRUISE ALTiTUDE =80,000 FEET
OWDEMAND CONCEPT
FAST PACKAGE DEUVERY
Figure 6-1: Vehicle Layout
During the launch and landing phases, however, the vehicle operates in the orientation shown
on the upper right diagram. The primary reason for this change in orientation is actually to reduce
the landing gear length, and therefore weight. As the front and side views show, the ramjet engine
is suspended far below the wing plane of the vehicle. Hence, landing the vehicle in the inverted
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orientation cuts the landing gear length by more than half.
A second reason for the flip maneuver was driven by concerns for the vehicle's sensors. During the
hypersonic cruise phase, extremely high speeds and accordingly high temperatures are anticipated.
The inverted cruise mode offers the additional benefit of allowing vulnerable sensors to be located on
the cooler top side of the vehicle, where they will be shielded from the extreme heat during cruise,
yet readily accessible on the underside of the aircraft during subsonic flight.
6.3 Mission Profile
A schematic of the flight profile is shown in Figure 6-2. The vehicle, remotely piloted from a Ground
Control Station (GCS), taxis and launches from a conventional airport. It climbs to an altitude of
40,000 feet under the power of its turbojet engines, and cruises at Mach 0.85 at that altitude. The
vehicle remains at this altitude and velocity until it reaches a safety perimeter of 100 miles from the
airport, within which FAA regulations prohibit supersonic flight.
Ramjet Cruise
Mach=6.0
Glide & Rotate
ClimbDescend
Load Warm-up Taxi Take-off Land Taxi Unload
Figure 6-2: Mission Profile Diagram
Once the vehicle has reached this perimeter, it begins the transition to ramjet-powered cruise.
The vehicle first rolls 1800, exposing the ramjet engine on the bottom of the vehicle. Still powered
by the turbojet engines, it goes into a dive, accelerating to just above Mach 1, at which point the
ramjet engine is ignited.
Once the ramjet engine has been started, the vehicle pulls up and begins its ascent to a supersonic
cruise altitude of 80,000 feet. During this climb, the turbojet engines are shut down and their inlets
retracted. A communication link with a satellite is established, for the purpose of providing telemetry
and position information during the autonomous leg of the mission, and the direct communication
link with the GCS is shut down.
As the vehicle approaches cruise altitude, it accelerates to Mach 6, the speed at which it will
cruise over most of the Pacific Ocean. As it nears its destination, the ramjet engine is turned off,
and the aircraft begins its descent to subsonic cruise altitude (again, 40,000 feet) in an unpowered
glide. During this glide, contact is established with the GCS at the landing site.
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Before reaching the subsonic cruise altitude, the aircraft once again deploys its engine intakes
and starts the turbojets. Once the engines are running, another 1800 roll positions the turbojet
intakes on the bottom of the vehicle where they can function effectively at high angles-of-attack.
The vehicle finally reaches the safety perimeter of the destination airport, and cruises again at Mach
0.85 and 40,000 feet until it comes within close range of the airport. There, the vehicle, just like any
other aircraft, will obey commands from the air traffic controller until it has clearance to land.
Landing is handled by the remote pilot in the GCS at the landing site, based on instrument
telemetry and a video feed from the aircraft. After landing, the aircraft taxis under the power of its
turbojets until it reaches the unloading station.
6.4 Propulsion System
As mentioned earlier, the propulsion system consists of a ramjet engine and two turbojet engines.
All engines are run on kerosene, but a tank of liquid oxygen is carried to make up for the thin air at
80,000 feet. Since the vehicle needs to operate in two orientations, a fuel pump keeps the fuel lines
pressurized regardless of the vehicle's orientation.
The ramjet engine itself is divided into six compartments, each of which contains fuel injectors
and ignitors. In front of the engine, an adjustable cowl allows the intake area to be optimized for
the Mach number at which the vehicle is operating. A small amount of air is shunted away from the
ramjet intakes to turn a turbine inside the vehicle, generating electrical power for all of the other
subsystems. Figure 6-3 shows the layout of the ramjet assembly.
PROPELLAT,,,
VARJAS$LE INTAXEX~~~.
- - UAMSF
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Figure 6-3: Ramjet Assembly [12]
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6.5 Thermal Analysis
One concern raised by a vehicle designed to cruise at hypersonic speeds for extended periods of
time is, of course, the effects of heating. An analysis of the vehicle was performed to determine its
thermal environment under cruise conditions. The results of this analysis are shown in Figure 6-4.
1430%C
930 % 980%
1260%C
Figure 6-4: Vehicle Surface Heating
Note that Figure 6-4 only shows the temperature gradients on the underside of the vehicle. Since
the top of the vehicle does not compress the air like the underbody, the heating will be much lower
there. Note that the highest temperature experienced will be 1430' C. For reference, Table 6.1 shows
melting points of common metals. Note that these are melting points, however, and the maximum
temperatures to which these materials will be useful are much lower (around 8000 C for Titanium,
for example).
Metal Melting Point
Aluminum 6600 C
Copper 10850 C
Iron 15380 C
Titanium 16680 C
Table 6.1: Melting Points of Various Metals
Reference [9] presents the thermal analysis in more detail.
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6.6 Materials
To protect the vehicle from the extreme temperatures that will be experienced during hypersonic
cruise, several experimental materials hold promise. Ceramic matrix composites can withstand tem-
peratures of 1400-1900' C, and carbon-carbon composites can handle temperatures in the neighbor-
hood of 22000 C.
Both are lightweight and strong, but have drawbacks. Ceramic matrix composites resist oxidation
but have poor resistance to thermal and mechanical shock. Carbon-carbon composites resist thermal
and mechanical shock, but are more susceptible to oxidation, and are difficult to manufacture.
In general, today's materials technologies have not reached a level of maturity that will provide
the cost-effectiveness and high reliablity which would be necessary to build this vehicle. More details
about the materials exploration can be found in Reference [10].
6.7 Avionics
The QFD analysis in Chapter 3 indicated that unmanned flight operations would be highly desirable,
due to reduced vehicle acquisition costs, development costs, and recurring flight costs. Concerns
regarding the autonomy of the vehicle will be discussed here, followed by a more detailed examination
of the avionics architecture in Chapter 7.
Since the nominal payload for the On-Demand case is no more than 200 pounds in weight, the
weight of a human pilot and necessary support equipment would substantially exceed that of the
payload, suggesting that there would be great savings in removing the pilot from the vehicle.
Unmanned vehicles, however, have yet to be integrated into the world's air traffic. Experiments,
scientific missions, and military applications of unmanned aeronautical vehicles (UAV's) have grown
dramatically in the past decade, and the technologies for remotely-piloted vehicles (RPV's) and
autonomous control are developing quickly.
It is conceivable that aviation regulations would not allow the On-Demand transport to be
unmanned, in which case the vehicle's cost and size would be forced to increase. There is no hard
constraint requiring the vehicle to be unmanned; however, it is expected that as technologies mature
in the coming decade, unmanned vehicles will find growing acceptance in the aviation community.
If this is the case, there is a definite possibility that UAV's would be allowed to launch and land at
commercial airports.
For purposes of safety and simplicity of the software, it was decided that the more complex
legs of the mission, specifically launch, the transitions to and from supersonic cruise, and especially
landing, would be remotely controlled by a human pilot. During the cruise phase, human control is
unnecessary because the aircraft will be flying far above normal air traffic.
It could prove necessary, for purposes of reliability, to imbue the autonomous vehicle control
64
system with the ability to act in the absence of a data link with the GCS. Emergency fallback
options such as defaulting to a holding pattern or flying to a predetermined location will be explored
in the next chapter.
6.8 Further Research
While investigating options for improving the vehicle's aerodynamics, a possibility called out for
future consideration is the use of split ailerons to replace the vertical stabilizers. Doing so could
reduce both vehicle weight and drag.
A more critical area in which further research could be focused is the stability of the propulsion
system. A flameout or other disturbance within one of the six chambers of the ramjet could cause
an unstart, in which the shocks in all of the other chambers would pop out of the engine, forming a
bow shock in front. The main effect of an unstart would be loss of thrust from the ramjet engine,
violently pitching the aircraft forward. Developing a way to recover from an unstart is necessary for
reliable operation during hypersonic cruise, especially under autonomous control.
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Chapter 7
Avionics Architecture
7.1 Overview
This chapter discusses the avionics system design for the On-Demand vehicle. The scope covered
by this design effort includes a selection of the kinds of instruments and actuators that would be
required for the vehicle, as well as an identification of processing tasks necessary for flight.
After the components have been defined, the distribution of work among processing tasks is
explained. A recommended architectural layout of the system is presented, along with the design
process leading to that decision. Guidelines for the development of emergency procedures are also
discussed, especially for situations which are unique to unmanned systems.
The design process began with an assessment of the sensors, actuators, and processing functions
that would be required for operation. Interfaces between these components and functions were then
defined and characterized in terms of periodicity and data rate. Based on these interfaces, several
system layouts were conceived.
These alternative architectures were evaluated, based on the original customer needs. Specifically,
the needs which are relevant here are those governing reliability, development costs, manufacturing
costs (including certification), fuel costs, and maintenance effort. These evaluations culminated in
a Pugh matrix, which was used to select the optimal architectural layout.
7.2 Assumptions
It is always good practice to define assumptions before beginning a design phase. Earlier, it was
assumed that Federal Aviation Regulations would be modified to include unmanned flight vehicles.
This assumption needs to be extended to a finer level of detail in order to build a list of necessary
vehicle instrumentation. Assumptions used in this design exercise are listed here, and were derived
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primarily from References [16] and [17].
" The vehicle's instrumentation requirements will be analogous to those outlined in the Federal
Aviation Regulations, Section 25, for Transport category aircraft.
" The flight instrumentation will be at least equivalent to that required for operation under
Instrument Flight Rules (IFR). This assumption was made because even with a video link, the
pilot will still feel removed from the cockpit. For example, the pilot will have no peripheral
vision or tactile connection with the aircraft. Requiring IFR instrumentation and IFR pilot
certification will also improve reliability, permitting a safe landing even if there is a failure in
the video link.
" The pilot in the ground station must be in contact with Air Traffic Control (ATC) at all times,
allowing ATC to interact with the aircraft in the same way they would interact with manned
aircraft.
" The pilot must always be able to redirect the vehicle's flight path in accordance with ATC
commands.
* The probability of a catastrophic system failure must be no more than that for manned com-
mercial aircraft, which is 10-. If this safety standard cannot be met, then the vehicle must be
equipped with a Flight Termination System, to be used if vehicle control is lost. This could in-
clude a self-destruct mechanism, or possibly a nondestructive engine cutoff mechanism, coupled
with a parachute to minimize damage on impact [17].
7.3 Safety Considerations
Before describing each of the sensors, actuators, and on-board processing tasks, a few words on
vehicle safety and reliability would be appropriate. What happens in case of a critical system
failure? Will any emergency operational modes be designed? Remember that system reliability is
the highest-priority requirement.
When considering the nature of backup modes, there is a tradeoff to be made: developing new
functionality requires both time and money, and it adds complexity to the entire vehicle. It is also
a good rule of thumb that systems should be designed not to fail, rather than designing complex
backup modes to deal with specific system failures. Having said that, it is desirable to have a robust
design in which single-point failures will not cause loss of the entire vehicle. Therefore, the possibility
of emergency autonomous flight control was considered.
For the purposes of assessing the reliability of this vehicle's avionics system, its functionality was
compared with that of existing passenger aircraft, such as the Boeing 777. The differences between
the On-Demand vehicle and existing vehicles were examined for possible reliability risks.
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The two most critical, top-level differences to be found are the fact that this vehicle operates at
extreme velocities and temperatures, and the fact that it is unmanned and semi-autonomous. The
former difference does not have a significant impact on the design of the avionics architecture, but
the latter deserves further examination.
One possibility that was considered was to use the on-board Mission Sequencer (described later,
under "Processing") to assume the role of the pilot during unexpected communications blackouts.
Implementing this functionality is essentially equivalent to designing the system to operate itself
autonomously during all or most phases of the mission, increasing the already substantial costs and
effort associated with design and testing.
The trick, then, is to find the balance between the need for reliability (associated with a high
level of autonomy) and the need to reduce design costs (associated with a low level of autonomy).
An accurate understanding of where this balance lies will become much more clear during the
vehicle design process, so rather than prescribing the exact capabilities of the autonomous Mission
Sequencer, general guidelines for the level of autonomy were developed as follows.
Simple operative functions, like issuing a single command to a subsystem, should be implemented
whenever it would increase vehicle reliability to do so. More complex operations that have little
dependence upon situational conditions should be implemented whenever reasonably feasible. An
example of this kind of operation is the roll maneuver, which is a complex maneuver, but which will
be performed in the same way during every mission. Finally, extremely complex operations, which
are highly dependent upon situational conditions, should not be implemented. Should a function
be deemed to be too complex to implement in autonomous mode, a simpler backup mode would be
provided in the case of communications link failure during that mission segment.
For example, the process of integrating with air traffic in the vicinity of an airport is a fairly
delicate operation, requiring context-sensitive decision making based on communications from ATC
and the actions of nearby aircraft. If the communications links go down during this phase of
operation, the safest thing to do would probably be to program in a default "safe zone" in the
vicinity of each airport. The aircraft would autonomously fly to that "safe zone" and attempt to
reestablish radio contact, safely away from high-traffic air space.
The implications of implementing such a backup system will be discussed along with the Mission
Sequencer in the "Processing" section.
7.4 Components
7.4.1 Air Data
For any aircraft, air data sensors are a fundamental necessity.
The Federal Aviation Regulations specify the following equipment in Section 25.1303:
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* A free-air temperature indicator
* An airspeed indicator
* A sensitive altimeter
Besides the instruments mentioned in these regulations, an angle-of-attack sensor is necessary, to
detect when the aircraft is approaching a stall. A sideslip angle indicator also provides useful data;
however, that data does not serve safety-critical functions like stall warning, and it can be inferred
from airspeed data and inertial measurements [15].
These air data instruments, however, would be unusable during the supersonic cruise phase.
Extreme heating and shock waves caused by sustained Mach 6 flight would destroy or damage
delicate sensor tubes and vanes, so if used, they would need to be retracted during cruise. A
flush air data system (FADS) such as the X-15's "Q-ball" sensor or the similar Shuttle Entry Air
Data System could be used to determine angle-of-attack, sideslip angle, and stagnation pressure at
hypersonic velocities by using pressure ports mounted flush with the vehicle's skin (see Figure 7-1).
Figure 7-1: Flush Air Data System (Source:www.dasa.de)
In fact, a FADS could be used at subsonic as well as supersonic velocities. Although it has the
disadvantage that it would not be easily accessible for repair or replacement, its benefits (one set of
instrumentation rather than two, and no fragile probes extending outside of the main vehicle body)
make it highly desirable. One issue to be addressed during the technical design of the FADS, then,
would be access and replacement of the sensors in case of failure.
The air data must be monitored continuously, as it is critical for flight safety.
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7.4.2 Navigation
Several instruments are used to estimate the vehicle's position and attitude. These fall under the
broad heading of "Navigation." Constraining the selection of instrumentation is the necessity that
the pilot be able to operate the aircraft in three operational regimes: hypersonically over open ocean,
subsonically over land within 100 miles of the airport, and also while landing at an airport.
Federal regulations again provide a starting point for determining necessary instrumentation [16].
* A rate-of-climb (vertical speed) indicator
* A rate-of-turn indicator
" A gyroscopically-stabilized bank and pitch indicator
" A gyroscopically-stabilized direction indicator
Practical considerations dictate that the vehicle's position in space also be known, so that it can
be accurately guided to its destination.
Over the ocean, a number of navigational aids have been available for years, such as Loran-C and
Omega. However, the Global Positioning System (GPS), a network of satellites providing position
data nearly anywhere on Earth, has grown dramatically in its usage worldwide over the past few
years. In 1996, the FAA approved GPS as a sole means of navigation over oceanic airspace [15].
Both Loran-C and Omega are likely to be phased out in the near future, so the vehicle will be
designed to rely solely on GPS as a long-range navigational aid.
Standard navigational aids over land and near airports include VHF Omnidirectional Ranging
(VOR) and Distance Measuring Equipment (DME). VOR is a means of determining an aircraft's
direction from a navigation station, based on the phase difference between two 30-Hz signals trans-
mitted by that station. DME is a system in which the aircraft sends out a series of 1025-1150 MHz
"chirps," which are returned by the navigation station. The return signal delay is an indication of
the distance from the aircraft to the station. Both of these are necessary for flight over land and
near airports.
Another standard navigational tool, the Instrument Landing System (ILS), is a combination of
signals generated by transmitters at an airport which guide the aircraft along the correct glide path
during landing. As the vehicle nears the end of its descent, it needs to execute a flare maneuver
before descending to the runway. After this point, the aircraft needs more precise information than
the ILS guide signal provides. During final descent, a radar altimeter will provide adequate data on
the altitude of the aircraft relative to the runway. This altimetry data is only made more critical by
the fact that the pilot does not have a stereoscopic view of the runway [17].
An Inertial Reference Unit (IRU), consisting of a package of gyros and accelerometers, will
provide useful, overlapping coverage of many of these measurements. Inertial measurement gives
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good information during quick attitude or velocity changes, losing its accuracy only over longer time
spans. Many of the other navigational aids mentioned above provide information on a longer time
scale, complementing the data generated by the IRU. Specific instances where the IRU would be
useful include providing a vertical reference for the vehicle, estimating vehicle attitude during the
flare maneuver before touchdown, providing continuous positional and attitude data during the flip
maneuvers and engine unstart recovery procedures, and filling in the gaps between GPS readings
over the ocean.
7.4.3 Video
Definitely not an air data instrument, and not completely a navigational aid, the transmission of a
live video stream is of low importance throughout most of the mission. The majority of the aerial
maneuvers and mission activities can take place without any visual information whatsoever. Video
is included, however, to enhance the pilot's experience, augmenting the instrument data sent to the
ground station. Video will be most important during the landing phase. ILS signals will guide the
pilot most of the way to the ground, but towards the end of the final approach, the vehicle needs to
pull up and flare, before finally descending to touchdown. For this critical maneuver, when reaction
time is essential, video would be a valuable asset to the pilot. A video stream would also be of great
use while taxiing at the airport.
The fact that high-quality video is only needed in close proximity to the GCS is very convenient.
During the mission segments other than landing and taxiing, the video frame rate and/or resolution
can be reduced or even turned off. During those segments, the video acts merely as a redundant
aid to the pilot, and is not safety-critical. Therefore, the communications scheme can make the best
use of limited bandwidth and transmit video only when the vehicle is near the GCS; that is, when
signal attenuation due to the distance between transmitter and receiver is at a minimum.
7.4.4 Communication
For an unmanned vehicle, communication is not only a mission-critical system, but a safety-critical
one. If the pilot loses the ability to send commands to the aircraft, the vehicle is in serious trouble.
Every effort must be made to ensure the integrity of the data link, and in the case that that link is
lost, intelligent steps must be taken with the following goals in mind (in order of priority):
" First: Safety of other vehicles in the air and people on the ground.
" Second: Safety of other ground structures.
" Third: Intact delivery of the payload.
" Fourth: Preservation of the vehicle.
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. Fifth: Completion of the mission.
Note that delivering the payload intact is more important than saving the vehicle. Although a
lost delivery vehicle would cost hundreds of millions of dollars to replace, a damaged or lost payload
would be unacceptable, due to the urgent criticality of these payloads. Such an accident would
destroy the credibility of the business providing the FPD service. If the vehicle were about to be
destroyed, the payload should be ejected and delivered to the customer by other means.
A primary data link must be established during the Launch and Landing phases, through which
telemetry data, video frames, and vehicle commands must be sent. This link needs to span over 100
miles of distance, with enough bandwidth to support the necessary data.
A secondary link must also be established, to serve as a backup in case of primary link failure.
This link should be at another frequency, in case interference is the reason the first link failed.
Since this is an emergency link, it only needs to support the bare minimum amount of information
necessary to control the vehicle. This could be reflected in a reduced bandwidth or elimination of
video transmission, a slower telemetry refresh rate, or a lower data integrity constraint with less
error checking, for example.
During the Cruise phase, the vehicle is essentially autonomous. Its primary communication
functions at this point are simply reporting system status and accepting course corrections. A low-
bandwidth link will be satisfactory for this phase; however, it is necessary to communicate with very
distant stations. For these reasons, a satellite communication uplink was chosen for Cruise-phase
communications.
Besides communicating with the ground station, the vehicle must be able to communicate with
ATC. A Mode S radar transponder is necessary in order to interface properly with the air traffic net-
work. In addition, the Traffic Collision Avoidance System (TCAS) uses the same radar transponder
to directly communicate with nearby aircraft, adding an extra level of safety from mid-air collisions.
7.4.5 Propulsion
One very important job of the avionics subsystem is controlling the vehicle's propulsion systems.
Recall that there are two turbojet engines and six cells in the ramjet engine, all of which are driven
from the same fuel supply, although the ramjet requires a mixture of fuel and oxygen for high-altitude
operations.
The avionics functions regarding these engines will be divided into two categories of functions:
sequential functions, which are one-shot actions which will be executed in a sequence, and continuous
functions, which require real-time monitoring and often closed-loop control.
Sequential functions include (in order) priming the fuel pumps, opening the fuel valves to the
turbojet engines, starting the turbojets, opening the fuel valves to the ramjet, igniting the ramjet,
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stopping the turbojets, retracting the turbojet inlet, closing the fuel valves to the turbojets, opening
and closing the liquid oxygen valves, executing an unstart recovery sequence if necessary, closing the
fuel valves to the ramjet to begin glide, redeploying the turbojet inlet, opening the fuel valves to the
turbojets, restarting the turbojets, and stopping them again after landing and taxi. This sequence
is shown graphically in Figure 7-2.
Roll 180 Degrees Roll 180 Degrees
Provide LOx
Retract Inlet Stop Ramjet
Pressurizea Start Turblojets orue Str Stop Turbojets Deploy Inlet Stop Turbojets
Start Ramjet Start Turbojets
Figure 7-2: Graphic Representation of Propulsion Sequence
The continuous functions provided by the avionics system are not as numerous. Each engine's
temperature needs to be monitored to ensure that it does not overheat. Fuel pressure, indicating the
mass flow rate into each engine, must be regulated to keep engine temperatures safe and to control
the thrust of the vehicle, which requires a continuous monitor of fuel pressure in order to provide
fine closed-loop control.
Finally, the ramjet engine has an adjustable lip on the inlet, designed to fine-tune the inlet area
based on the flight Mach number. The actuator which controls it must be driven based on real-time
air data.
Not directly related to real-time engine control, but more appropriate here than in any other
category, is monitoring the remaining fuel supply. This is important information from a mission
standpoint, and periodic readings will be passed down the telemetry link to the ground station.
7.4.6 Electrical Power
Electrical power for the vehicle is generated by one of two generator pairs. One generator is coupled
to each turbojet engine, and two are run off of turbines driven by an air stream that is shunted away
from the ramjet inlet. Batteries provide short-term storage of power to ensure continuity of power
for operations during phase transitions and engine unstarts.
Power provided by these generators and batteries must be conditioned before it is provided to
the rest of the vehicle. The avionics components being used will most likely require several different
power sources. Common standards are 28V DC and 400 Hz AC at either 115V or 28V. Each power
source will require a separate distribution bus, which will in most cases be triply redundant due to
the criticality of electrical power.
By carefully selecting components which require the same supply voltage levels, some of these
power buses (and the associated power alternators) may be eliminated, reducing the overall vehicle
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weight by a small amount. A decision needs to be made whether the recurring cost saved by the
weight reduction justifies the possible increases in fixed cost due to the restricted availability of
compatible components and possible design complications. Also, some instruments such as the
FADS may be rare enough that no such component choice exists.
Information such as current battery capacity, generator output, and system power draw will be
monitored by the avionics system. This information can be used to identify and isolate component
malfunctions that are draining power, or to detect battery failures. If such a malfunction is detected,
the electrical system can be saved by shutting off the failed component normally, or if that is
impossible, by using a relay to disconnect it from the bus.
7.4.7 Other actuators
Sensors and actuators which do not fall under the previous categories include systems such as
external lighting and landing gear control (deployment, retraction, brakes, and steering). Finally,
the hydraulics that drive the control surfaces (elevators, ailerons, and two pairs of rudders) are
actuated by the avionics system as well.
7.5 Processing
Between the collection of information from sensors and the sending of commands to actuators, a
number of the components of the avionics system are responsible for performing intermediate pro-
cessing functions. Of paramount importance is the on-board autopilot, but many other functions
must be performed, such as navigating the vehicle to its destination, transmitting telemetry in-
formation, and executing the correct sequence of commands during the autonomous cruise phase.
Figure 7-3 shows the relationships between these internal functions.
Each block in this diagram will now be explored. The individual functional blocks are given
names as if they were separate components (e.g. "Guidance Module"), but keep in mind that this
does not necessarily say anything about the architecture providing those functions - it is conceivable
that a single processor might provide all of the functions, and that they would only be separated on
a software level. It is assumed here that they can be abstracted into a single hardware module.
7.5.1 Flight Control System
The function of the Flight Control System (FCS) is to provide stable flight at a commanded attitude
and velocity. It is essentially a feedback controller that takes two inputs: an estimate of the vehicle's
current attitude and velocity, and a commanded target attitude and velocity.
Determining what actions will be needed to attain the commanded state, the FCS sends com-
mands to the control surfaces and to the throttle controllers, as necessary. The FCS's role is essential
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Ramjet Start/Stop
Turbojet 1 Start/Stop
Turbojet 2 Start/Stop
Landing Gear Steering
Landing Gear Brakes
Landing Gear Deploy/Retract
Turbojet Intake Deploy/Retract
Satcom Rcvr On/Off -a
GCS Direct Link On/Off
External Lights On/Off
Figure 7-3: Diagram of On-Board Function Interfaces
Desired Attitude and Velocity
Current Vehicle Attitude
Flight Control Surface Angles
Control
System 0 Engine Throttle Commands
Figure 7-4: Flight Control System Interfaces
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for autonomous cruise, and highly desirable for remotely-piloted flight. Figure 7-5 illustrates why
this is so.
Human in the loop
Fast Updates
Sensors
Commands
to Actuators
Actuators
High Bandwidth
Human Data Link Aircraft
Human out of the loop
Slower Updates Legend:
Sensors]9
High Bandwidth
Desired Control Loop High Bandwidth
Attitude Requirement
Autopilot Actuators
Low Bandwidth Low Bandwidth
Human Data Link Aircraft Requirement
Figure 7-5: Removal of Pilot from the Control Loop
In a real-time system with a human acting as a part of the feedback loop, the pilot must receive,
process, and send information very quickly to close the loop and stabilize the aircraft, as shown in
the top half of Figure 7-5. If an FCS is used to close the loop, as the second diagram illustrates, then
time delays along the communication link to the human pilot are no longer inside the feedback loop.
In this case, the human pilot does not send direct commands to the control surfaces, but instead
communicates a desired attitude, to which the FCS maneuvers the vehicle.
7.5.2 State Estimator
The most fundamental function of a navigation system is to estimate the position and velocity of the
vehicle. Estimating the attitude (that is, the yaw, pitch, and roll angles) is also essential, because
that information is required by the FCS to stabilize the vehicle.
Therefore, one of the basic functions performed by the avionics system is to take in the air data,
GPS readings, and INS data, and to integrate them into a model of the vehicle's state, including
position, velocity, and attitude.
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Flush Air Data System 0 Vehicle 0 Estimated Attitude Vector
Inertial Reference Unit 0 State 0 Estimated Position Vector
Estimator
Global Positioning System - - Estimated Velocity Vector
Figure 7-6: State Estimator Interfaces
The state vector thus generated is used internally by the FCS, the Guidance Module, and the
Mission Sequencer; and it is also sent through the Telemetry Controller to the GCS.
7.5.3 Guidance Module
Destination Updates -
Estimated Position Vector 0 Guidance - Desired Attitude and VelocityModule
Estimated Velocity Vector
Figure 7-7: Guidance Module Interfaces
Whereas the function of navigation is to determine the vehicle's state, the function of guidance
is to direct the vehicle to a destination point. This function is only performed on-board when the
vehicle is in autonomous cruise mode; during remotely-piloted flight, the pilot has responsibility for
directing the aircraft to its destination.
When it is in operation, though, the Guidance Module compares the current vehicle state vector,
provided by the State Estimator, and the programmed flight destination received from the Mission
Sequencer. From this comparison, it generates a desired attitude and velocity for the vehicle, which
is subsequently output to the FCS.
7.5.4 GCS Command Relay
The pilot at the ground station will need to send the vehicle continuous data, such as attitude control
signals, and discrete commands, such as "Deploy landing gear." An essential on-board function will
be to relay these commands to the appropriate subsystems. This function will take input data from
the three communications channels (the high-bandwidth GCS link, the low-bandwidth backup link,
and the satellite uplink) and output commands to the appropriate subsystems. Table 7.1 lists the
commands that need to be relayed, and indicates whether they are sent directly to the appropriate
actuators or to other on-board functions.
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Link -*
Backup Link --
SATCOM Link --
GCS -
Command -
Relay -
Desired Attitude and Velocity
External Lights On/Off
Landing Gear Steering Commands
Landing Gear Braking Commands
Landing Gear Deploy/Retract
Turbojet Inlet Deploy/Retract
Start Turbojet Engines
Stop Turbojet Engines
Start Ramjet Engines
Stop Ramjet Engine
SATCOM On/Off
Destination Updates
Figure 7-8: GCS Command Relay Interfaces
Table 7.1: Commands Relayed from GCS
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High-Bandwidth
Command Recipient
Attitude / Velocity Commands Flight Control System
On-board Guidance On / Off Guidance Module
Update Waypoints Mission Sequencer
Landing Gear Steering Commands Actuator (Landing Gear)
Landing Gear Braking Commands Actuator (Landing Gear)
Landing Gear Deploy / Retract Actuator (Landing Gear)
Turbojet Inlet Deploy / Retract Actuator (Turbojet Controller)
Turbojet Start / Stop Actuator (Turbojet Controller)
Ramjet Start / Stop Actuator (Ramjet Controller)
Satcom On / Off Actuator (Satcom receiver)
External Lights On / Off Actuator (Lighting System)
Note that "Ramjet Stop" is included, even though in theory, the pilot will never need to issue
that command. It is simply included because the overhead required to include that function is small,
and it could conceivably be useful, were some problem to arise in the operations sequence during
ramjet cruise.
7.5.5 Mission Sequencer
- Activate High-Bandwidth Link
Vehicle Attitude and Position 0 Mission
Stored Mission Program Sequencer Update Destination
- Stop Ramjet Engine
Figure 7-9: Mission Sequencer Interfaces
In order to illustrate what top-level system functions need to take place, Figure 7-10 shows the
operational flow over the entire mission, indicating which functions are performed autonomously
and which are performed in response to pilot commands. Note that there are connections shown in
Figure 7-9 that are not required for normal flight. These are included for emergency autonomous
operations, in which the Mission Sequencer takes over the role of the pilot during a communications
blackout. Emergency operations have not been included in Figure 7-10, for clarity.
Based on this operational flow, it becomes evident that very little on-board sequencing needs to
happen during normal operations. The human pilot is responsible for most decisions as to which
actions to execute and when to execute them. During the emergency autonomous mission control
mode, many of these same decisions will be made within the on-board Mission Sequencer, and these
contingencies will be discussed in the "Failure Modes" section.
The five functions that need to be provided by the Mission Sequencer during normal flight
include the following: stopping the ramjet engine, reactivating the high-bandwidth GCS link, sending
destination updates to the Guidance Module, updating the mission profile, and providing emergency
autonomous control in case of communications link loss.
Both of the first two functions are always triggered at specific points towards the end of the
autonomous cruise phase. The latter functions require a little more explanation.
In order to guide the vehicle through the autonomous phase of the mission, the system needs to
be able to send intermediate waypoints to the Guidance Module. In the simplest case, there will
only be two of these points, the first marking the beginning of the descent at the end of supersonic
cruise, and the second marking the end of that descent path. It is conceivable that needs may
arise for additional waypoints, especially if rules governing supersonic flight over land vary between
countries.
79
Flight Operations Pilot Commands Autonomous Communications
Functions
Figure 7-10: Operational Sequence Diagram
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Sending destination updates to the Guidance Module, then, is accomplished by feeding the space
and time coordinates of the next destination waypoint into the Guidance Module when one waypoint
is reached. If the waypoints need to be reprogrammed, perhaps due to severe weather, the failure
of an onboard system, or a problem at the destination airport, the mission profile can be updated
via the satellite uplink or GCS link.
There are two inputs to this functional block. One is the vehicle state, which is used to trigger
mission sequencing commands. The other is the GCS Command Relay, which provides mission
program updates.
7.5.6 Throttle Regulator
Turbojet 1 Throttle Commands 0
Turbojet 1 Temperature - 0 Turbojet 1 Throttle Commands
Turbojet 2 Throttle Commands - Throttle 0 Turbojet 2 Throttle Commands
Turbojet 2 Temperature - Regulator
Ramjet Throttle Commands - Ramjet Throttle Commands
Ramjet Temperature -
Figure 7-11: Throttle Regulator Interfaces
Another important on-board function is the monitoring and regulation of engine temperatures.
Both the ramjet and turbojet engines must be controlled to prevent overheating. Fundamentally, this
function will operate as a limiting filter on throttle commands sent to the engines: it will compare
engine temperature readings and incoming throttle commands, and to the throttle controllers it will
relay only settings which would keep engine operations within a safe temperature range.
7.5.7 Ramjet Inlet Controller
Ramjet
Air Data (Mach #) Inlet 1 Inlet Cowl Angle
Controller
Figure 7-12: Ramjet Inlet Controller Interfaces
The inlet to the ramjet engine has a variable aperture, which must be adjusted to optimize the
intake area and shock geometry based on the flight Mach number. This is a continuous function
which needs to be performed at all times while the ramjet engine is in operation. It takes as an
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input the Mach number generated by the FADS module, and outputs direct commands to the inlet
actuator.
7.5.8 Telemetry Generator
ILS -
VOR -
DME -
Altimeter 0 
- High-Bandwidth Link
Video --
TCAS 0 Generator - Backup Link
Fuel Pressure 0 
- SATCOM Link
Engine Temperature Data -
Fuel Remaining -
Vehicle Attitude and Position -
System Status Messages
Figure 7-13: Telemetry Generator Interfaces
Finally, continuous status of the vehicle's subsystems needs to be communicated to the pilot. The
function of the Telemetry Module is to gather data from all on-board systems and compress it into an
encoded message to be sent to the GCS. Note that the output of a number of the instruments, such
as VOR, DME, and Video, is not used by on-board processing, and is only collected for transmission
to the pilot.
7.6 Integration
7.6.1 Redundancy
To safeguard against point failures, it is important for the vehicle to carry redundant copies of highly
critical components. To help gauge the level of redundancy needed, a measure of flight criticality
was adapted from the RTCA (Radio Technical Commission for Aeronautics) document, "Software
Considerations in Airborne Systems and Equipment Certification." Although this document was
written to describe software systems, its categories for severity of failure conditions can be applied
to hardware components as well.
This document describes failure condition categories ranging from "Catastrophic," meaning that
a failure would prevent continued safe flight and landing, down to "Minor" and "No effect." The
components in this vehicle were categorized according to the level of criticality that would be caused
by a failure, and based on those categories, redundancy levels were assigned [13].
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If a component's failure would cause "Catastrophic" vehicle failure, then it was given triple
redundancy. Components of "Hazardous" criticality (substantially reducing safety margins or crew
effectiveness) were given double redundancy, and no redundancy was provided for components with
"Major" criticality or lower. Additionally, for the control surfaces, which have functional overlap (a
failure in one aileron can be compensated by adjusting the other surfaces), the level of redundancy
was reduced by one.
Flight-critical components, defined as those components which would cause "Catastrophic" ve-
hicle failure, include the following: air data instrumentation, inertial and satellite navigation equip-
ment, radar altimeter, ramjet inlet restrictor, turbojet and ramjet starters, turbojet and ramjet
throttle controllers, landing gear deployment mechanism, turbojet intake deployment mechanism,
and all of the processing functions.
Without the air data instruments (the FADS and the temperature probes), flight control would
be greatly hindered at subsonic speeds and essentially impossible at supersonic speeds, where engine
performance is critically dependent upon careful control of the vehicle attitude and ramjet intake
aperture, based on air data.
The inertial navigation system has several functions. One is to complement the GPS and FADS
data with independent readings. Another is to gather acceleration and vertical reference data,
which will be used to estimate the vehicle's state vector. Failure of the INS, then, could result in
an incorrect state estimation, and therefore incorrect commands being sent to the control surfaces.
Thus the INS is considered flight-critical.
A failure in the GPS navigation equipment would be very serious, since GPS is the sole means
of long-range navigation during cruise. Such a failure would lead to a situation in which the vehicle
would not be able to navigate to a location where a GCS could resume control, and would eventually
run out of fuel in the air, far from one of the few safe landing locations.
The radar altimeter performs three main functions. One is to provide the ATC transponder and
the TCAS with accurate altitude data, to avoid collisions with other aircraft. Although a failure
in this respect would increase the risk of a mid-air collision, this likelihood is not high enough to
be considered flight-critical. Another function of the radar altimeter is to give the pilot altitude
data during remotely-piloted flight. Since this data is augmented by video and inertial data, it is
also not flight-critical. Finally, the radar altimeter is used during landing, in conjunction with the
ILS. As well as helping to guide the aircraft in on the correct glide slope, the altimeter gives critical
information to the pilot during the flare maneuver. Since the pilot only has a two-dimensional view
from the video input, the pilot has very little depth perception. In this instance, the radar altimeter
is highly critical, and a failure would present a very real chance of a failed landing.
Instruments which collect navigational data that is passed to the pilot at the ground station
were generally considered to be of only "Hazardous" criticality, because the video and INS provide
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redundant checks on the veracity of that data, and if, say, the VOR box were to fail, it would still
be possible to land the aircraft safely. Since there are already two ground transceivers, operating
on different frequencies, each one was only slated to be dual-redundant. SATCOM and external
lighting were also categorized to be of "Hazardous" criticality.
The emergency power cutoff relays and fire suppression system monitors were considered to be
of "Major" criticality (that is, lower than "Catastrophic" or "Hazardous") because a failure in one
of them would reduce safety margins, but only to a limited extent. The video as well was considered
to be of "Major" criticality, because the vehicle can be landed on instrument data alone, increasing
the pilot's workload, but not excessively. Redundancy was not provided for these components.
7.6.2 Data Bus Alternatives
Given the large number of components in the system, making direct connections between individual
components would result in a very complex network of wires. Aside from the weight that this much
wire would add to the vehicle, its complexity would hinder troubleshooting and repair efforts.
Large avionics systems usually use data buses to simplify this network of connections. This is done
by connecting many components to a single data transmission line, and choosing a communications
standard by which they can share the line.
A number of data bus standards were considered for this avionics architecture. Each has benefits
and drawbacks, which are summarized in Table 7.2. These standards are briefly described here as
well, to provide a basic understanding of why they are different.
ARINC 429 MIL-STD-1553 ARINC 629 ARINC 659
Multitransmitter No Yes Yes Yes
Requires Bus Controller No Yes No No
Data Rate 12 or 100 " 1 Mbit 2 Mbit 30 Mbit
Handles Unexpected Messages Yes Yes Yes No
Table 7.2: A Comparison of Data Bus Standards
ARINC 429 is a standard specifying a one-way transmission bus on which a single transmitter
and up to 20 receivers can be connected. To send signals in the other direction, a second data bus
must be provided. The benefits of this standard are its simplicity, providing fewer possibilities for
failure or design oversights than other, more complex standards. ARINC 429 buses are widely used
in civil aircraft, where their ease of certification outweighs their limited bandwidth and the added
weight of multiple buses for bidirectional communication. Negative points, however, include their
weight and the large number of connectors (and thus possible bad connections) that they require.
To overcome the single-transmitter limitation, MIL-STD-1553 defines a bus protocol which can
operate at higher frequencies (1 Mbit/sec) and support multiple transmitters. It does so by using
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a bus controller, a component which tells the other components on the bus when to transmit and
receive data on the bus. It also often includes a bus monitor, which records all traffic on the bus for
later analysis. By using the bus controller to regulate data traffic, the transmission line can be more
efficiently shared between many components. MIL-STD-1553 is a widely-used standard for military
systems, drawbacks including its dependence on the presence and integrity of a bus controller and
its limited bandwidth.
By comparison, ARINC 629 provides multitransmitter capability at a data rate of 2 Mbit/sec
without the use of a bus controller. Instead of being regulated by a central controller, components
on an ARINC 629 bus use a timing scheme to guarantee fair access. Each component is assigned
three timing criteria, one of which is unique to that component, and all of which need to be met in
order to transmit data. Furthermore, ARINC 629 specifies two modes of operation: "basic mode,"
in which the bus carries only periodic data, such as continuous sensor readings, and "mixed mode,"
in which it carries both periodic data and asynchronous data.
For extremely high-speed data transfer, ARINC 659 provides a means of attaining bit rates
up to 30 Mbit/sec. It is used in the Boeing 777's Airplane Information Management System to
connect interdependent computational modules. Instead of using a bus controller to route traffic, it
is dictated by a table stored in identical chips carried by each component on the bus. Applications
are limited, however, because the use of a data routing table precludes any sort of asynchronous or
unexpected signals.
Many other bus standards exist which provide high-speed data transfer. For example, DOD-
STD-1773 is a fiber optic implementation of MIL-STD-1553. The European standard prEN 3910 is
an example of a protocol in which the bus controller communicates with the other components over
a MIL-STD-1553 equivalent bus, but high-bandwidth (30 Mbit/sec) communication takes place over
a separate, fiber optic bus [14].
7.6.3 Architectural Considerations
Beyond choosing a data bus protocol, decisions need to be made regarding the manner in which
components are connected together. Connecting all the components to a single data bus is one
configuration possibility, but there are many other possible architectures wherein separate buses
and/or multiple protocols can be applied in different combinations.
One concern in developing an architecture is the difference in data transfer rates that are needed
along different links in the system. Some links, such as those within flight control feedback loops,
require a high refresh rate in order to maintain stability. Other connections, such as the signal to
deploy the landing gear, are asynchronous signals which range in complexity from a simple "on" or
"off" command to transfers of large data files.
Sending this asynchronous data over a data bus could slow down the refresh rates of high-
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frequency data on that bus, depending on the particular bus architecture. Therefore it is desirable
to underutilize a bus, so that there is plenty of margin for times when there are temporary surges
in data transferred over the bus.
Figure 7-14 shows the connections within the avionics system, giving a relative indication of the
required data rate along each connection. Note that the video and communications signals have by
far the greatest required bandwidth.
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GCS Direct Link On/Off
External Lights On/Off
GCS Link-
SATCOM ----------------- -- Command Relay
Mission Program Updates
INS
GPS ---------------- - State Estima -- - - - -- E--- - Mission Sequencer)
FADS
= \Destination
CL CoordinatesSStored Mission
Program Data
VOR -Guidance Module)
DME --------- ------- Satcom Link
VIDEO --------- ----- Telemetry Module GCS Direct Link
CommandedTCAS 
- / Attitude Rudder Angles
Fuel Remaining-'- Elevator Angles
Flight Control System Aileron Angles
Turbojet 1 Temperature'/- - - - - Turbojet 1 Throttle
Turbojet 2 Temperature'/- ------------------ Engine Temp Regulat Turbojet 2 Throttle
Ramjet Temperature L ---------- Ramjet Throttle
Mach Number
(Ramjet Inlet Controller) Ramjet Inlet Cowl A
E
E
0
ngle
Figure 7-14: Relative Data Rates
7.6.4 Architecture Candidates
To approach the difficult task of designing an avionics architecture, three architectural layouts were
developed, based on the considerations presented above. The three layouts considered were as
follows.
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Single Bus Architecture
First, a layout (shown in Figure 7-15) was chosen to be as simple and straightforward as possible.
Most of the components are connected to ARINC 629 buses, except for the video. The bandwidth
required by the raw video signal would exceed the 2 Mbit/sec capacity of the 629 bus, so it is sent
through a direct connection to the telemetry module, which compresses the signal and packages it
into frames to be sent to the GCS.
Multiple Bus Architecture
One drawback of placing all components on the same bus is that the high number of components
necessitates a longer cycle time in order to give each terminal a chance to transmit data. By
partitioning the data bus into many segments, each can be cycled faster and higher throughput can
be achieved.
Separate buses also decrease the chances of overloading the data bus. With one centralized bus,
a single transmission between two points prevents any other communication anywhere else on the
bus. By dividing it up into sub-buses based on where the bandwidth is needed, the communication
path can be optimized.
Using separate buses also makes it easier to isolate faulty components, since they are already
partitioned into groups. An example of a multiple-bus architecture can be seen in Figure 7-16.
Hybrid Architecture
One drawback of a highly-partitioned multiple bus architecture is that system testing is more diffi-
cult, since every bus needs to have diagnostic tests run through it. Maintenance of many data buses
is more difficult and costly as well. By striking a compromise between the bandwidth gains offered
by a multiple bus architecture and the ease of testing yielded by a single bus architecture, we can
gain some of the benefits of both.
Also explored here was the possibility of using ethernet for data transfer. As mentioned earlier,
ethernet has one to two orders of magnitude more capacity than ARINC 629, but at the cost of
reliability. Ethernet packets are not guaranteed to be received, which is one reason why it has not
been used widely in vehicle applications. Ethernet is, however, widely used for computer networking,
and thus its capabilities are well-known. The inherent unreliability can be overcome by higher-level
error-checking protocols, although error checking can cause messages to arrive late.
This proposed "hybrid" architecture (Figure 7-17) includes two buses: one high-integrity bus for
flight-critical operations such as flight control and engine control, and one lower-integrity ethernet
bus using error-checking protocols to ensure data integrity. The functions connected to this bus fall
into two categories: data (such as video) to be sent to the ground station, and functions which are
88
ARINC 629 Multitransmitter Bus
ARINC 429 One-Way Broadcast Bus
00
V
171
(D
ARINC 629 Multitransmitter Bus
ARINC 629 Multitransmitter Bus
not sensitive to the short message delays which could result from error-checking. This latter class of
functions includes all of the asynchronous signals, such as the command to deploy the landing gear.
7.6.5 Architecture Selection
These three architectures were compared on the basis of the customer needs, using the following
lines of reasoning. The single bus architecture was taken as the baseline. From there, a scoring
scheme was implemented, using a single plus or minus to represent a small difference in performance
between that architecture and the baseline architecture, with two representing a more substantial
difference.
Maximize System Reliability
The partitioning of the multiple bus and hybrid systems adds a small amount of reliability by
confining the effects of a component failure to the bus to which the component is connected.
On the other hand, ethernet uses direct electrical connectors, which are more prone to failure
than the inductive couplers often used in ARINC 629 buses. This drawback compensates for the
aforementioned advantage over the baseline design, and the hybrid architecture receives a score of
zero.
Minimize Development Costs
The hybrid system gets penalized here, because it uses a nonstandard bus protocol. For example,
it is much easier and cheaper to find a VOR box which has an ARINC 629 interface on it than it is
to develop an ethernet interface for the same component.
Minimize Manufacturing Costs
A major cost that was not explicitly called out earlier is the cost of flight certification. One of the
benefits of proven data bus technologies is the fact that they are easy to certify. Hence, the hybrid
system is again penalized heavily.
Minimize Fuel Costs
For this vehicle especially, weight is a critical issue. Given the small payload size and unmanned
nature of the aircraft, avionics constitute a much larger fraction of the total vehicle weight than they
would in a comparable manned vehicle. Therefore, the total vehicle weight is more sensitive to the
weight of the avionics than it would be in a more conventional vehicle.
Again, the hybrid network is penalized, due to the added weight of the ethernet hubs and wiring
which would be necessary to connect all the components to the network.
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Comparing the single and multiple bus architectures, it becomes apparent that although the
latter saves a small amount of wiring by not connecting all components together, it also needs extra
wire to form redundant connections to components which need to communicate with multiple buses.
Therefore, both alternatives received a score of zero.
Minimize Maintenance Hours / Flight Hour
This time, the multiple bus architecture is less desirable than the others, due to the number of
subsystems that need to be examined and potentially replaced. This effect is small.
7.6.6 Results
These scores have been assembled into a Pugh matrix (Table 7.3). Due to the vague nature of the
scorings, the exact numerical scores carry little significance; however, it is clear that the multiple
bus architecture is perhaps slightly more desirable than the single bus architecture, and that the
hybrid architecture is very undesirable. Therefore, the multiple bus architecture was selected, with
the caveat that the maintenance complexity it introduces to the system needs to be justified by the
reliability gained, both of which are to be evaluated at design time.
Customer Need Weight Single-Bus Multi-Bus Hybrid
(baseline)
Maximize System Reliability 10 0 + 0
Minimize Development Costs 3 0 0 - -
Minimize Manufacturing Costs 3 0 0 - -
Minimize Fuel Costs 6 0 0 -
Maximize Flight Miles / Maint. Hour 3 0 - 0
Total 0 +7 -18
Table 7.3: Pugh Matrix for Bus Architecture Selection
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Chapter 8
Conclusions
8.1 Cost Analysis
Regardless of the technical details, any argument for a new technology or application ultimately
rests on its economic feasibility.
Once the vehicle design began to converge, a preliminary cost analysis was performed. Details
of this analysis, including models for estimating both vehicle acquisition cost and recurring costs,
can be found in Reference [11]. Figure 8-1 shows the breakdown of operational costs, including the
amortized acquisition cost.
" Vehicle Depreciation $246,600
($490 mil over 2000 cycles)
+ Fuel Cost per Flight $20,700
+ Crew (1) cost per flight $1,900
+ Maintenance cost Might $14,200
+ Insurance per flight $2,800
+ IOC (0.7 DOC) $198,000
Total $484,000
Dedcation
S1%
Wntenanice
3% crew Fu
0% 4
Figure 8-1: Operating Cost [11]
Note the substantial contribution of vehicle depreciation to the overall operating cost. Economies
of scale can help reduce this figure, through increases in vehicle production quantities, higher flight
frequencies, or expansion of service to more city pairs (which would ostensibly garner more business).
Reducing the flight Mach number, the excess fuel margins, or the design range would lower the vehicle
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acquisition cost, an improvement that would be reflected in the cost of vehicle depreciation.
Even considering the improvements mentioned above, it is unlikely that the business case for a
specialized On-Demand service vehicle would close, given the current state of propulsion and mate-
rials technologies for hypersonic vehicles. Also, the model used for the cost analysis was the Rand
Corporation's DAPCA IV model, a tool used for highly accurate estimation of costs for conventional
aircraft, but which was never designed for experimental, hypersonic vehicles. The advanced tech-
nologies and special needs of hypersonic vehicles would undoubtedly push the acquisition cost even
higher.
8.2 Conclusions
In the end, this study served two purposes: first, to explore an opportunity for the package delivery
industry to leverage the latest developments in aerospace technology; and second, to investigate
a potential application for reusable launch vehicle technologies, with the ultimate goal of enabling
synergistic development between this and other commercial applications. Consequently, two distinct
sets of conclusions can be drawn.
8.2.1 Package Delivery
For the package delivery industry, the message that this study should convey is that the barriers to
implementing a scheduled fast freight service are much lower than those for an on-demand system.
Those barriers can be considered from both a technological standpoint and a business standpoint.
Technologically, an on-demand service vehicle is much more demanding than a scheduled-service
vehicle. Sustained ramjet cruise, thermal materials issues, and unmanned operation (or the challenge
of closing the business case with a manned vehicle) pose much greater technological obstacles than
those faced by HSCT or SSBJ designers.
From a business standpoint, it is much simpler to integrate a fleet of Mach 2 vehicles into the
fabric of a healthy package delivery service, than it would be to put together a business and an
infrastructure to support the on-demand model. A charter delivery company might be better suited
to implementing the on-demand service, but significant investment and effort would still be required
to develop the vehicles, lay the ground infrastructure, and promote the business to the point where
it would become profitable.
Finally, although both systems in this study were predicted to operate at a loss, the anticipated
losses for the on-demand system are much higher, and so it is likely that as technological barriers are
gradually overcome, the first FPD system to be implemented will be a scheduled delivery service.
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8.2.2 Reusable Launch Vehicles (RLV's)
From the perspective of the reusable launch vehicle industry, the prospects of fast package delivery do
not look particularly promising. One hope was that an FPD system would require the development
of technologies similar to those needed for low-cost space access.
For the scheduled service case, no such opportunities arise. The required technologies do not
overlap significantly with those that would be developed for RLV's. Companies developing supersonic
transports, however, should look into the possibility of fast package delivery as a potential application
for those vehicles.
The on-demand service case is a more likely candidate for synergistic development of RLV tech-
nologies. One challenge faced by air-breathing RLV's is effectively handling the transition from
subsonic to hypersonic flight. Propulsion technologies such as the Japanese ATREX engine are
being developed to this end, and a vehicle like the on-demand service vehicle would provide an
additional demand and testbed for such technologies.
Other technologies that would be used for both on-demand FPD vehicles and RLV's include
remotely-piloted operation, flush air data sensors, and thermal protection. These technologies are
being developed for vehicles such as the X-33 and X-34, and a commercial application would provide
great incentive and opportunity for synergistic development.
In the end, however, the extremely high reliability requirements of a fast package delivery system
discourage the use of experimental technologies. As the system trades in Chapters 4 and 7 showed,
older, proven technologies have a substantial advantage over untested, potentially unreliable new
ones.
For this reason, the FPD market does not provide a useful testing ground for the development
of these technologies. Applications with more lenient reliability requirements would be more appro-
priate first-generation applications of RLV technologies.
As advanced propulsion, sensor, flight control, and materials technologies mature, it is likely
that fast package delivery will become a reality. When this happens, the technologies developed
by the RLV industry today will form the basis for a fast package delivery infrastructure, just as
conventional aircraft support the package delivery industry today, and FPD will provide a demand
for these technologies which will help to sustain the continued growth of the aerospace industry.
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